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OBSERVATIONS ON THE REACTION OF 3£,8’-DICHLORODIETHYL 
SULPHIDE WITH GLYCINE AND WITH GLYCYLGLYCINE! 


By D. E. DouGLas? anp R. D. H. HEARD 


ABSTRACT 


In the reaction of 8,8’-dichlorodiethyl sulphide with glycine and with glycyl- 
glycine in dilute aqueous base, stable complex sulphonium chlorides are formed. 
One of these compounds has been isolated in a pure state from the H-glycine 
reaction and a tentative structure has been proposed. 


INTRODUCTION 

. The reaction of 8,8’-dichlorodiethyl sulphide (designated hereafter as ‘‘H"’) 
with glycine in aqueous alkaline solution at pH 10 has previously been de- 
scribed by Fleming, Moore, and Butler (4). As the main product was not 
characterized chemically, further investigation of the reaction was undertaken. 

This product has been obtained in pure form and shown to be a nitrogen- 
containing sulphonium chloride. Nitrogen, sulphur, and chlorine values, and 
other data, admit of the following tentative structure. 


CH2CH, Cl- Cl- CH.,CH:.NHCH:COOH 
of s* CH.CH.SCH.S* .2HCI 
/ \ 
CH:2CH2 CH:CH:NHCH2COOH 


The purification and chemistry of this compound and also a preliminary 
investigation of other products of the reaction of H with glycine are described 
in this communication. Because of their intractable nature many of the com- 
pounds were only obtained in an impure state. 


EXPERIMENTAL 


All the reactions of H with amino compounds described below were carried 
out at 37° C. in the presence of aqueous sodium hydroxide. 
H-glycine (Compound I) 

The preparation of this compound in impure form has been described by 
Fleming et al. (4). In the present investigation, 2 N sodium hydroxide was 
added through a simplified Hershberg funnel to the vigorously stirred mixture 
of glycine, water, and H in a round-bottomed flask fitted with a glass electrode 

1 Manuscript received August 20, 1953. _ eres 
Contribution from the Department of Biochemistry, McGill University. Project CW 557 


of The Department of National Defence, Canada. ; = 
2 Present address: The Montreal General Hospital Research Institute, ‘Montreal, P.Q. 
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for pH measurement. The rate of addition of sodium hydroxide was adjusted 
to keep the pH close to 7.5. 

Purification of the crude gum obtained from the reaction mixture by precipi- 
tation with hydrochloric acid was effected by solution of the gum in water 
with the aid of sodium hydroxide and continuous extraction of the concentrated 
aqueous solution with m-or sec-butanol for one to two hours. The aqueous 
phase, after acidification with hydrochloric acid to pH 2 was concentrated 
in vacuo on the steam bath, and the residue dissolved in methanol. The filtered 
methanol solution was poured into a large volume of acetone to precipitate 
the product. The solid was washed with acetone, and dried over magnesium 
perchlorate at 80-100° C. and 0.1 mm. The product was a white crystalline, 
hygroscopic solid, melting at 161° C. to a viscous liquid. 

Found: N, 500; S, 17.0; Cl (Carius), 23.8, (with Hg (NOs3)2) 24.4. Calc. for 
Cy 6H3OsNeS3Chly: N, 4.89; S, 16.8; Cl, 24.8. 

The formation of complexes by compound | with heavy metal ions (Co**, 
Cd**, Nit*, Cut*) has been mentioned previously (2,4). Silver nitrate in dilute 
solution failed to yield an initial precipitate of silver chloride with this com- 
pound, although the chloride ion present was titratable with mercuric nitrate. 
Highly diluted cupric ion gave a greenish-blue color with compound I. 
Potentiometric titration of I failed to indicate the presence of an isoelectric 
region characteristic of compounds such as glycine, and showed, moreover, 
that the nitrogen atoms are practically uncharged above pH 8 (Fig. 1). The 





1 4 1 1 1 1 


= 
° 1 2 3 4 5 6 7 8 9 
Meg. NaOH per gram 


Fic. 1. Titration curves of compounds I, II, IV, V, and XI. 








observed similarity in the titration curves of compound | and the other com- 
pounds described later in this communication seems to indicate a fundamental 
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similarity in structure, probably the postulated presence of a sulphonium 
sulphur atom in the 8-position to amino nitrogen. The absence of hydroxy! 
groups was indicated by failure of I to react with acetyl chloride or acetic 
anhydride. That vinyl groups adjacent to sulphonium sulphur are absent was 
shown by failure of I to react with thiosulphate in bicarbonate buffer (Stah- 
mann, Fruton, and Bergmann (8)). 

Analytical nitrogen, sulphur, and chlorine values and the observed properties 
admit of the following tentative structure: 


CH:CH: Cl- Cl- CH:CH;NHCH:COOH 
of S*CH.CH.SCH.CHS* 2HCI 
CH.CH: ‘CH,CH,NHCH:COOH 


Evidence that sulphonium sulphur is present is furnished by the observed 
presence of chloride ion in excess of the calculated amount bound by the 
nitrogen atoms as hydrochloride. The assumed presence of the terminal 
thioxane ring seems to be the only conclusion possible in view of the indicated 
absence of hydroxyl or vinyl groups. 


Fisston of Compound I in Hydrochloric Acid 


Two grams of I in 20 cc. of water refluxed with an equal volume of concen- 
trated hydrochloric acid for one and a half hours. Some white material which 
formed during the reaction was filtered off. The filtrate was evaporated 
in vacuo on the steam bath to a small volume, and most of the remaining acid 
was neutralized with 2 N sodium hydroxide, giving a solution of pH 2. The 
sodium chloride which separated on further evaporation was filtered off, and 
the filtrate was put aside for seven months. The solution was then evaporated 
to dryness and the residue extracted with methanol. Precipitation with 
acetone yielded a white, hygroscopic solid (compound II) which was dried 
in vacuo at 80° C. 

Electrometric titration of this compound yielded a curve similar to that 
obtained for compound | (Fig. 1). The presence of chloride ions in excess of 
that required by the two nitrogen atoms again strongly indicated the presence 
of sulphonium sulphur. To compound II has been assigned the following 
tentative structure: 


Cl- CH:CHzsNHCH:COOH 
CH: = CHSCH.CHS* .2HCl 
CH:CH:NHCH:COOH 


Found: N, 6.60; S, 15.0; Cl, 26.0. Calc. for CizH2sO.NeS.Cl3: N, 6.50; S, 14.9: 
Cl, 24.6. 
Isolation of Compound IV From the H-glycine Reaction 

The supernatant liquid, after the initial precipitation of compound I, was 
neutralized and extracted continuously with n-butanol for three hours. The 
filtered aqueous phase was taken to dryness in vacuo. The resulting residue 
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was taken up in methanol, the sodium chloride filtered off, the filtrate partially 
evaporated and poured into a large volume of acetone. The gum which 
precipitated was separated by decantation, washed with acetone, and dried 
in a drying pistol at 80° C. This compound was a white amorphous, hygro- 
scopic solid. Found: N, 5.90; S, 15.5; Cl, 14.2. Because of its physical proper- 
ties, this substance as obtained was probably impure. 

The large analytical chlorine value indicated that this compound was also 
a sulphonium chloride. The presence of glycylglycyl residues was indicated 
by elementary analysis, and from potentiometric titration only one titratable 
carboxyl group was present for every two nitrogen atoms. 


Compound V 

This compound, formed when H reacts with glycine in the presence of 
thiodiglycol, is similar to [V in its physical properties, but differs in N, S, 
and Cl content. 

One-tenth mole each of H, thiodiglycol, and glycine were stirred together 
in 250 cc. of water in the presence of added 2 N sodium hydroxide. The pH 
was kept close to 7.5. The reaction mixture was evaporated in vacuo to a 
convenient volume, and was extracted continuously with #-butanol for two 
hours. Upon working up the aqueous phase as described for the isolation of 
compound IV, the product was obtained as hygroscopic, yellow gum, which 
softened on warming. Found: N, 7.00; S, 16.6; Cl, 4.62. Both IV and V gave 
similar, but not superimposable, titration curves, as illustrated in Fig. 1. 
Reaction of Glycylglycine with H and Thiodiglycol 

Reaction of tenth-molar quantities of H, glycvlglycine, and thiodiglycol 
was carried out in dilute sodium hydroxide at pH 7.5. From the aqueous 
phase after continuous extraction with sec-butanol was obtained a gum 
soluble in ethylene chlorohydrin. Precipitation of the material from its ethylene 
chlorohydrin solution with ethanol yielded a brown, crystalline solid, which 
became amorphous on being dried at 40° C. in the oven. Yield 4.1 gm. Found 
for compound XI: N, 9.9; S, 12.8; Cl, 5.41. The titration curve of this com- 
pound was similar to those of the compounds previously described (Fig. 1). 

DISCUSSION 

The tendency for H to form sulphonium salts in water and in the presence 
of thiodiglycol has been noted by several observers (Stein, Moore, and Berg- 
mann (9), Herriott (5)). It appears that, in the initial absence of thiodiglycol, 
at least partial hydrolysis of some of the H molecules is necessary before 
sulphonium salts sufficiently stable to be isolated can be formed. The sul- 
phonium chloride H2TG, 

HOCH:CH» cr Cl” /CH2CH:OH 
DSCH2CH2SCH2CH2S¢ 
HOCH:CH: ‘CH:CH:OH 


has been described by Stein, Moore, and Bergmann (9). It appears to be the 
most stable of the sulphonium chlorides derived from the hydrolysis of H, 
but can be decomposed further to the thiodiglycol, or converted back to H. 
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The nitrogen-containing sulphonium chlorides described in this communica- 
tion in contrast, appear to be quite stable structures, and, by virtue of the 
proximity of sulphonium sulphur, amino nitrogen, and free carboxyl group, 
possess unique physical and chemical properties. One common property of 
all these sulphonium chlorides investigated is the characteristic shape of 
their titration curves. 

If it is assumed that the initial stage in the reactions of H in aqueous media 
is the formation of the cyclic intermediate of Bartlett and Swain (1) the 


cr 
NSCH:C H2Cl 


tendency towards the formation of open chain secondary amines rather than 
thiazanes when H reacts with amino compounds such as glycine may be 
explained. This cyclic ion, by virtue of its labile structure is a powerful alky]- 
ating agent. Moreover, rearrangement of H to this structure takes place 
with a lower velocity than the subsequent hydrolysis or alkylation reaction (1). 
After alkylation of an amino group, e.g. of glycine, the remaining chlorine 
atom of the H residue becomes ionic, and another cyclic structure is formed, 
capable of alkylating a second amino group. This di-2-glycinoethyl sulphide 
apparently can undergo further alkylation by another H molecule to form a 
stable sulphonium chloride. This intermediate, which is still capable of forming 
a cyclic sulphonium ion, apparently reacts further with another hydrolyzed H 
residue or with thioxane, yielding compound I. 

In aqueous media, the presence of buffers may influence the course of a 
reaction involving H, since ester formation has been shown to occur readily 
in the presence of many anions (1, 4, 6). Formation of thiodiglycol esters may 
occur with a greater velocity than alkylation of amino compounds which 
are present. Thus, in the presence of buffers, such as acetate or bicarbonate, 
the products of the reaction of H with amino compounds may be entirely 
different from those formed in the absence of buffers. In attempts to reproduce 
as closely as possible physiological conditions of pH im vitro, many investi- 
gators have employed rather high concentrations of buffer salts, and may 
thus have failed to obtain H derivatives of biochemical significance. 

The possibility of the formation of sulphonium chlorides when H reacts 
with proteins has already been considered by several investigators (Ogston (7)). 
If stable sulphonium chlorides similar in type to compounds I, IV, V, and XI 
are formed in the H-protein reaction, with protein residues replacing the 
amino acid residues, an explanation is at once offered for some of the observed 
properties of the H-protein complexes. The strongly bound chlorine in these 
complexes (7) is in reality chloride ion associated with sulphonium sulphur, 
and the observed changes in the titration curves of the altered proteins may 
possibly be due in part to the influence of the strongly electropositive sul- 
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phonium sulphur, and not entirely to ‘‘covering’’ of the carboxyl groups of 
the proteins as postulated previously (7). Such complex protein sulphonium 
chlorides may be of significance in the reactions of H in vivo (3). 
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CARBODIIMIDES 


PART III.* (A) ANEW METHOD FOR THE PREPARATION OF MIXED ESTERS OF 
PHOSPHORIC ACID. (B) SOME OBSERVATIONS ON THE BASE-CATALYZED 
ADDITION OF ALCOHOLS TO CARBODIIMIDES'! 


By H. G. KHORANA 


ABSTRACT 


The preparation of a number of N,N’-di-p-tolyl-O-alkyl pseudourea ethers 
through the alkoxide catalyzed exothermic addition of alcohols to di-p-tolyl 
carbodiimide is described. Triethyl amine is not effective as a catalyst for such 
additions. Dicyclohexylcarbodiimide has been found not to undergo such addi- 
tions at all. 

The N,N’-diaryl-O-alkyl pseudourea ethers decompose in the presence of 
mono-and disubstituted hydrogen phosphates to form the diaryl urea and the 
neutral tertiary phosphates in excellent yield. Several mixed esters of phosphoric 
acid have been prepared by this method. 


INTRODUCTION 


Because of their importance in biological processes, esters of phosphoric 
acid, particularly those derived from carbohydrates, purine, and pyrimidine 
glycosides, have been the subject of extensive chemical investigations in recent 
years (1, 9, 12, 13, 18, 22). Chemical methods of phosphorylation have been 
developed which have been successfully applied to the synthesis of many 
naturally occurring monoalkyl esters of phosphoric acid (1) (9, 13). However, 
currently, great interest has been attached to the dinucleoside phosphates 
(dialkyl esters of phosphoric acid, Il) which are the degradation products of 
nucleic acids (15, 17, 19). 


oO O 
| | 
RO —P—OH RO—P—OR’ 
OH OH 
I, R = e.g. nucleoside residue. II, R, R’ = e.g., nucleoside residues. 


The synthesis of these fragments is therefore important (cf. 7) in the develop- 
ment of the chemistry of nucleic acids (5). 

The methods so far employed extensively for synthesis in the carbohydrate 
and the nucleotide field (1-4, 9, 12, 13, 17, 22) have used suitably protected 
phosphoric acid chlorides such as diphenyl] and dibenzyl phosphorochloridatesf 
(I11, R and R’=phenyl or benzyl). Some syntheses reported employ poly- 
phosphoric acid (12) which also contains activated phosphate bonds.f{ 

' Manuscript received September 23, 1953. 

Contribution from the Chemistry Division of British Columbia Research Council, Vancouver 8, 
B.C., Canada. Presented before the Chemistry Section of the B.C. Academy of Sciences at its 
Seventh Annual Conference held on April 17 and 18, 1958. 

* Part II, Can. J. Chem. 31: 585. 1958. 

+ See new nomenclature of phosphorous compounds adopted by the International Union of 
Pure and Applied Chemistry. J. Chem. Soc. 5122. 1952. 


t See also a recent patent by A. R. Todd and F. A. Atherton (Chem. Abstracts, 47: 6436. 
1953), on the use of tetrabenzyl pyrophosphate in phosphorylation of alcohols. 
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O 
| 
kO—P—OR’ 


Cl 
Ill 


Another main approach which has found some application in the synthesis of bio- 
logically important substances is the heterogeneous reaction between a metallic 
(e.g. silver) salt of phosphoric acid and a halogen derivative (7 and the refer- 
ences cited therein). For the synthesis of the complex dialkyl esters of phos- 
phoric acid, e.g. the dinucleoside phosphates mentioned above, a _ logical 
extension of the present methods would require the preparation of the inter- 
mediate nucleoside phosphorochloridates (III, R=nucleoside residue, R’, a 
protecting group, e.g. benzyl). As these intermediates are relatively inaccess- 
ible substances, the development of methods in which the well characterized 
mononucleotides (9) should serve directly for the phosphorylation of a second 
suitably protected nucleoside is clearly desirable. In the present communica- 
tion we wish to report on a new method designed to achieve this purpose. 
Dains recorded that the hydrochloride of di-O-tolyl-O-methyl pseudourea 
ether presumably (IV) decomposed on heating to form methyl! chloride. This 
observation suggested the possibility of the synthesis of mixed esters of 





a 
"eee is H » H JN 
\ pL? -N=C-—-N— \ Jf Cl 
| OCH; | 
CH CH 
IV 


phosphoric acid by bringing a mono- or dialkyl hydrogen phosphate (I or I1) 
into reaction with a pseudourea ether derived from the alcohol to: be phos- 
phorylated. 


~ R’O 
OR 
Ar N=C=N Ar —— > ArN=C—-NHAr + R’O-—P-OH 
+ROH | 1 
OR O 
\ VI 
oh 
——+> ArNH=C-NHAr OR’ 
SS ae. = /+ArNHCONH Ar. 
or £ el be 
Il oO 
Oo 


VII 
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N,N’-diphenyl-O-ethyl pseudourea ether (VI; Ar = phenyl; R=ethyl) was 
first prepared by Lengfield and Stieglitz (14) by heating ethyl alcohol with 
diphenyl carbodiimide (V; Ar = phenyl) in a sealed tube. By this method 
Dains (6) prepared a number of pseudourea ethers derived from aromatic 
carbodiimides. Stieglitz (21) also discovered the exothermic sodium-ethoxide- 
catalyzed addition of ethyl alcohol to diphenyl carbodiimide. As far as we are 
aware this reaction has not been examined further. 

We have confirmed and extended these findings of early workers and have 
prepared in practically quantitative yield a number of pseudourea ethers by 
the ‘addition of alcohols to di-p-tolyl carbodiimide (V; Ar= p-tolyl). The 
choice of this carbodiimide was dictated by its easy preparation in a crystalline 
state (24, 25; see also experimental) and its stability over a period of several 
months. The preparation of pseudourea ethers through base catalysis is prefer- 
able to the sealed tube treatment because of a number of considerations. A 
useful modification appears to be the use of stoichiometric amounts of the alco- 
hol and the carbodiimide in an anhydrous solvent, e.g. dioxane (see Experi- 
mental). Theoretical yield of N,N’-di-p-tolyl-O-n-butyl pseudourea ether was 
thus obtained. Further, it was clearly desirable to attempt to replace sodium 
by a tertiary base, e.g. triethylamine, as the catalyst for the production of 
alkoxide ions. No reaction was however observed between alcohols and di-p- 
tolyl carbodiimide in the presence of pyridine or triethylamine over a period 
of three days. 

It was also of interest to examine the addition of alcohols to aliphatic carbo- 
diimides. Using catalytic as well as two equivalents of sodium dissolved in 
n-butyl alcohol, it was found that dicyclohexyl carbodiimide is practically 
inert at room temperature. The presence of the unchanged carbodiimide was 
demonstrated by (a) strong absorption* at 4.75u in the infrared spectrum; 
(b) evolution of carbon monoxide and carbon dioxide on the addition of oxalic 
acid (23); and (c) the formation of dicyclohexyl urea and tetrabenzyl pyro- 
phosphate on the addition of dibenzyl hydrogen phosphate (11). More vigorous 
conditions to effect the addition of alcohols to dicyclohexyl carbodiimide have 
not been tried. 

The observed stability of dicyclohexyl carbodiimide to the attack of alkoxide 
ions is presumably due to the high electron density at the central carbon of the 
twinned double bands, which is the point of attack in such reactions. Reaction 
occurs readily when, in place of the electron donating alkyl groups (e.g. cyclo- 
hexyl), aromatic residues are present, the latter resulting in increased conjuga- 
tion of the two nitrogen-carbon double bands with the respective aromatic 
rings. T 

For the preparation of phosphoric acid esters through the O-alkyl pseudo- 
urea ethers, we have found that a benzene solution of a mixture of N,N’-di-p- 
tolyl-O-alkyl pseudourea ethers and diesters of phosphoric acid, although 
quite stable at room temperature, deposits, on being refluxed, di-p-toly! urea 

* This band is characteristic of —N=C=N-stretching, cf. H. G. Khorana, ref. 10. 

+ Ina recent paper, which was received after the completion of the above work, Hiinig et al. (8) 


have advanced similar arguments to explain the differences in rate of reaction of cyanide ions 
with aromatic and aliphatic carbodtimides. 








230 CANADIAN JOURNAL OF CHEMISTRY. VOL. 32 


and from the clear benzene solution tertiary esters of phosphoric acid (VII) 
can be isolated in excellent yield. In all cases studied, a reflux period of two 
and one-half to three hours was found to be sufficient for the completion of 
this reaction (VI — VII). In this way we have prepared several tertiary 
phosphates (see Table I1) including a few which do not appear to have been 
previously obtained analytically pure (cf. 12). 

The direct preparation of dialkyl esters, using monoesters of phosphoric 
acid (i.e. monoalkylation) was next attempted. The reaction between equi- 
molar proportions of monophenyl dihydrogen phosphate and di-p-tolyl-O- 
ethyl pseudourea gave, however, in addition to di-p-tolyl urea, diethyl phenyl] 
phosphate (20) and the unreacted acid as the only recognizable products. 
This result although disappointing from the present point of view was not 
surprising. As the dialkyl esters of phosphoric acid (e.g. Il) are known to be, in 
general, stronger acids than the monoalkyl esters (e.g. 1) the initial product of 
reaction (of the type I1) would be expected to react preferentially with the 
pseudourea ethers, forming thus the completely esterified product. 

The application of this method in the nucleotide field and to more complex 
cases will be reported in due course. 

EXPERIMENTAL 
A. PSEUDOUREA ETHERS 
Preparation of Di-p-tolyl Carbodiimide (cf. 24, 25) 

Finely powdered di-p-tolyl thiourea (60 gm.) and yellow mercuric oxide* 
(100 gm.) was added to carbon disulphide (500 cc.) and the reaction mixture 
was warmed gently and shaken for 30 min. Anhydrous calcium chloride 
(ca. 25 gm.) was then added and the mixture filtered under suction. The 
insoluble mercuric sulphide and admixed calcium chloride were washed 
thoroughly with ether. The combined washings and filtrate were evaporated 
under reduced pressure. Di-p-tolyl carbodiimide obtained as an oil solidified 
under prolonged suction. This was dissolved in petroleum ether (b.p. 30°-60°), 
filtered from traces of insoluble material and crystallized according to the 
directions of Zetzsche and Nerger (25). Yield in first crop, 40 gm. Mother 
liquor after being concentrated and standing at —20° deposited a further crop 
(ca. 5 gm.). 

N,N’-di-p-tolyl-O-n-butyl Pseudourea Ether 
(a) Using Stoichiometric Amounts of Sodium 

A solution of di-p-tolyl carbodiimide (8.88 gm.; 0.04 moles) in anhydrous 
ether (15 cc.) was added rapidly to a solution of sodium n-butoxide (obtained 
by dissolving 1 gm. sodium) in anhydrous n-butyl alcohol (25 cc.). The mixture 
which became warm was kept for 15 min. with complete exclusion of moisture, 
then diluted with ether, washed thrice with water, and dried over anhydrous 
sodium sulphate. N,N’-di-p-tolyl,O-n-butyl pseudourea ether obtained as 
viscous oil after removal of ether and butyl alcohol under reduced pressure 
crystallized on prolonged suction. Yield, 11.8 gm.; theoretical. A portion was 


* 


Baker and Adamson—reagent grade. 
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recrystallized by keeping its petroleum ether (b.p. 30°-60°) solution at —20° 
and afforded clusters of fine needles. These were collected and washed with 
more chilled solvent, m.p. 34°. Found; C, 77.0; H, 8.1; N, 9.6%; CisH»ONe 
requires C, 77.0; H, 8.1; and N, 9.5%. 

(b) Using Catalytic Amounts of Sodium * 

(i) With excess of n-butyl alcohol..-An ethereal solution of di-p-toly] 
carbodiimide (2.22 gm.; 0.01 mole) was added to a solution of sodium butylate 
(from ca. 30 mgm. of sodium) in n-butyl alcohol (10 cc.). The reaction mixture 
was worked up as above, giving 2.9 gm. (theoretical yield) of the pseudourea 
ether. 

(it) In dioxane, with stoichiometric amounts of n-butyl alcohol.-Sodium 
(30 mgm.) was dissolved in a solution of anhydrous n-butyl alcohol (1 cc.; 
ca. 1.1 mole) in anhydrous dioxane (5 cc.). Di-p-tolyl carbodiimide (2.22 gm.; 
1 mole) was then added. The warm reaction mixture was kept for 30 min. and 
then worked up as above. Yield of the pseudourea ether, 2.85 gm. 


(c) Attempted Preparation by Using Triethylamine as the Catalyst 

Triethylamine (0.2 cc.) was added to a solution of di-p-toly! carbodiimide 
(f.11 gm.) in anhydrous n-butyl alcohol (6 cc.) and the mixture kept in a sealed 
flask at room temperature for three days. After evaporation of the alcohol 
and triethylamine in vacuo, the residual oil was taken up in petroleum ether. 
The solution afforded, on being kept at —20°, the unreacted carbodiimide, 
m.p. 54°-55°. 

By using the conditions described above (b) (i) the pseudourea ethers listed 
in Table I were prepared. 




















TABLE I 
N,N’-DI-p-TOLYL-O-PSEUDOUREA ETHERS 
——— l — = 
Name and formula | M.p. Found Requires | 
of N,N’-di-p-tolyl- | or ——— ;——— , ———|—_——_,——__,———__| Refer 
pseudourea ether | b.p.* | C | Hi ON Cc H | N ence 
$$ ——_$——. _ — --- —- ~ -|—--—| — — ——- — — —_—— —— | ———|— ee 
O-methyl | | | | 
CwH ON: | 120°at2mm. | 75.6 | 7.1 | 10.8] 75.5] 7.2 | 11.0] 6 
| | | | 
O-ethyl | | 
CivH20ON: | 125° at 2mm. | 75.8] 7.6 | 10.5 | 76.0 | 7.5 | 10.4 | 
} | ! | 
O-ethoxyethyl | | 
CigH2s02N2 | 40°F | 72.9 7.8 8.9 73.1 | 7.8 | 9 
| | 








* The distillations were performed in bulb-tubes, with the bulbs containing the substance and a 


portion of the tube immersed in a heated air bath. 
t Crystallized from petroleum ether (30°-60°) by keeping the solution at —20°. 


Attempted Preparation of N,N’-Dicyclohexyl-O-butyl Pseudourea Ether 

(a) A solution of dicyclohexyl carbodiimide (2.06 gm.) in anhydrous ether 
(5 cc.) was added to dry n-butyl aicohol containing ca. 30 mgm. of dissolved 
sodium. No warming was observed and the oil obtained after working up in 
the usual manner was examined as described under (6) (see below). 
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(b) The above experiment was repeated employing 2 molar equivalents of 
sodium n-butylate solution in n-butyl alcohol. The oil obtained was treated as 
follows: 

(1) An ethereal solution of dibenzyl hydrogen phosphate (280 mgm.) was 
added to a solution of the oil (110 mgm.). Dicyclohexylurea (50 mgm.; m.p. 
225°-228°) separated soon and was collected after one hour. 

(2) The addition of oxalic acid to an ethereal solution of the oil caused 
the liberation of carbon monoxide and carbon dioxide. 

B. M1xrEp EsTErs OF PHOSPHORIC ACID 
General Method: By Using Diesters of Phosphoric Acid 

A benzene solution (15 cc.) of anhydrous disubstituted ester of phosphoric 
acid* (0.01 mole) and N,N’-di-p-tolyl pseudourea ether (0.01 mole) is refluxed 
for two and one-half to three hours. Crystals of di-p-tolyl urea begin to separate 
after 15-30 min. The reaction mixture after being allowed to cool is filtered 
and the urea washed with small amounts of benzene. The vield of urea is 








TABLE II 
MIXED TERTIARY PHOSPHATES 
| B.p. (air Found % | Requires “% | | 
Phosphate Pace) —| 220," Reference 
iam | £& ( RT e¢ |; BY | 
: (eee eee ae a ee ae 
Methyl, dibenzylt | 145-150° | 62.6 | 6.8 | 61.6 | 5.9 1.5308 | 16 
CisH:O.P | | | | | | 
Ethyl, diphenyl | be | 
C14His04P |  135-140° 60.5 | 5.5 | 60.4] 5.4 | 1.5247 | 20 
Ethyl, dibenzylt | | | 
CisH19O4P | 155-160° | 62.6 | 6.2 | 62.6) 6.2 _ 5285 | 
n-Butyl, diphenylf | | | 
CisH sOuP | 140-145° | 62.9 | 6.3 | 62.6] 6.2 | 1.5229 


n-Butyl, dibenzylt 
CisH2304P 170° 64.5 Fie | 64.6 | 6.9 


_ 
o 
) 
w 
w 








* These were determined in an Abbé Refractometer. 


t The analytical results show the contamination of the product with a substance, presumably 
di-p-tolyl urea, with higher C and H content. Alternatively the contaminant might be a dispropor- 
tionation product, in view of the known occurrence of disproportionations of phosphates at elevated 


temperatures. 
+ 


t New esters. 

usually between 80-95% of theoretical. The clear benzene solution is washed 
thrice with sodium hydrogen carbonatet then with dilute hydrochloric acid 
and dried over anhydrous sodium sulphate. The neutral ester of phosphoric 
acid obtained as an oil after removal of benzene is distilled twice in vacuo in a 
bulb-tube immersed in a heated air bath. This step removes the small amounts 
of the urea retained by the esters. The esters prepared in this way are listed in 
Table IT. 


* 


The hygroscopic esters, e.g. diphenyl hydrogen phosphate, can be dehydrated by azeotropic 
removal of water through repeated distillation of its bensene solution. 
+ At this stage some urea separates, if the separation is not complete earlier. 
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Preparation of Diethyl Phenyl Phosphate (20) by Using Phenyl Dihydrogen 
Phosphate 


A benzene solution (10 cc.) of monophenyl dihydrogen phosphate (1.75 
gm.; 0.01 mole) and N,N’-di-p-tolyl-O-ethyl pseudourea ether (2.7 gm.; ca. 
0.01 mole) was refluxed for two and one-half hours. The reaction mixture after 
being allowed to stand at room temperature for one hour was filtered and the 
urea (2 gm.) washed twice with benzene. The combined filtrate and washings 
were extracted thrice with sodium hydrogen carbonate solution (more urea 
separated at this stage) and then dried over anhydrous sodium sulphate. 
Phenyl diethyl phosphate obtained as a light colored oil was dissolved in 
petroleum ether (b.p. 30°-60°) and the solution on standing deposited traces 
of di-p-tolylurea which was removed. The tertiary phosphate was distilled 
twice, after removal of the solvent, at 2 mm. (air bath temp. 100°). Found: 
C, 52.3; H, 6.8; CioHisO4P requires C, 52.2; H, 6.6%. nB. = 1.4773. 

The sodium hydrogen carbonate extracts obtained above were evaporated 
to a small volume, acidified with concentrated hydrochloric acid, and extracted 
thrice with ether. The ethereal solution was dried over sodium sulphate and 
evaporated. The residue which partly solidified was freed from last traces of 
water azeotropically by distillation of its chloroform solution. It was crystal- 
lized from a mixture of chloroform and petroleum ether. Yield 0.68 gm., m.p. 
95°-97°; no depression on admixture with authentic monopheny! dihydrogen 
phosphate. 
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17-HYDROXYLUPANINE AND 17-OXYLUPANINE! 


By O. E. Epwarps, F. H. CLARKE,? 
AND BrycE DouGLas* 


ABSTRACT 
Silver oxide has been shown to oxidize lupanine to 17-hy droxylupanine. This 
base gives an anhydronium perchlorate identical with the ‘‘dehydrolupanine 
(NBS)” perchlorate of Marion and Leonard. 17-Oxylupanine is described, and, 
from the observation that it can be reduced catalytically to oxysparteine, the 
stereochemistry of aphylline and oxysparteine is deduced. The basic strength of 
tertiary carbinolamines is discussed. 

Silver oxide has been observed to oxidize lycoctonine to hydroxylycoctonine 
(5, 8) and to dehydrogenate nicotine to nicotyrine (2). In an examination of 
the scope of the reaction of silver oxide with tertiary amines, we have now 
studied the action of the reagent on several lupine alkaloids. 

Oxysparteine proved to be inert to silver oxide even at 90° in aqueous 
methanol. Sparteine was almost unattacked at room temperature but was 
oxidized at 60° giving products which have not been characterized. Lupanine 
is unaffected by the reagent at room temperature but is oxidized above 60° in 
aqueous methanol. From the mixture of products obtained in this reaction, 
a basic product was isolated as its perchlorate. This analyzed for 
CisH2NeO.HCIO, and proved identical (mixed melting point and comparison 
of infrared spectra) with the “‘dehydrolupanine (NBS)”’ perchlorate of Marion 
and Leonard (6). These workers treated lupanine with N-bromosuccinimide 
and obtained the above perchlorate in high yield from the product. 

We have confirmed their observation that the new base is reduced to lupa- 
nine in the presence of platinum (Adams’) in acetic acid solution. Since this 
reduction gave no change of configuration, Marion and Leonard concluded 
that the hydrogen on carbon 11 was not involved. On the assumption that 
N-bromosuccinimide introduced unsaturation a-8 to the basic nitrogen, these 
authors suggested tentatively that their product was 14-dehydrolupanine. 
However, we have now been able to prove decisively that the new base is 
17-hydroxylupanine.‘ 





17-Hydroxylupanine 


1 Manuscript received November 10, 1958. 
Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, 

Canada. Issued as N.R.C. No. 3168. 

2 Present address: Department of Chemistry, Columbia University, New York, N.Y., U.S.A. 

3 Present address: Department of Chemistry, Indiana University, Bloomington, Indiana, 
USA: 

4 The authors are indebted to Dr. H. J. Vipond who first suggested this possibility in the 
course of discussion. | 
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The infrared spectrum (carbon disulphide solution) of the new base con- 
tained a hydroxyl band at 3380 cm.~'! which was absent in the spectrum of 
lupanine in the same solvent. (Liquid films of this base and lupanine both 
showed bands near 3400 cm.~' and this confused the interpretation for a 
tine.) An active hydrogen determination (Zerewitinoff) confirmed the presence 
of one hydroxyl group. Reduction of the base with sodium borohydride gave 
lupanine in high yield, which is consistent with the carbinolamine structure. 

When the new base was oxidized with permanganate in acetone a neutral 
oxylupanine, Ci;H2»N2O2, was obtained. Clemo and Leitch (3) described the 
oxidation of d/-lupanine to d/-oxylupanine. When this oxidation was repeated 
with d-lupanine an oxylupanine was obtained which was identical with that 
from the new base. Alkaline ferricyanide oxidation of lupanine also gave the 
same product. 

Hydrogenation of this oxylupanine in 2 N hydrochloric acid with platinum 
catalyst (Adams’) gave oxysparteine, identical with the product from ferri- 
cvanide oxidation of /-sparteine. These observations clearly locate the second 
lactam carbonyl in the above oxylupanine at position 17, and hence show the 
hydroxyl in the new base to be on that carbon atom. 

The perchlorate and picrate of 17-hydroxylupanine analyze for anhydro 
salts. The infrared spectrum of the perchlorate has a band at 1682 cm.~! 

“8 + / 

which can be assigned to a ie =N \ group (9, 10). The pK’s of lupanine 
and 17-hydroxylupanine in 50% aqueous methanol were found to be 8.4 and 
10.5 respectively. This difference parallels the findings of Adams and Mahan (1) 
who showed that tertiary vinylamines which can form salts of quaternary 
ammonium character are stronger bases than the corresponding saturated 
amines. Thus the salts of 17-hydroxylupanine have the anhydronium salt 
form: 





The carbinolamines hydrastinine and cotarnine form similar anhydronium 
salts. The former has a pk of 11, and the latter has been reported to be a 
strong base (4). However, pseudostrychnine, a carbinolamine which cannot 
give an anhydro salt (bridgehead double bond), is a weak base (7). 

It appears that silver oxide can convert tertiary amines to the corresponding 
carbinolamines which in some cases can dehydrate to the vinylamine. The 
vield in the oxidation of lupanine with silver oxide was low when air was 
excluded, but in one run with exposure to air a high yield was obtained. It is 
possible that a silver catalyzed air oxidation was superimposed on the direct 
action of the reagent. N- Bromosuccinimide probably gives 17- bromolupanine 
which is later hydroly zed to the carbinolamine. 

Since the steric relation between lupanine and sparteine has been estab- 


lished (6), the preparation of oxysparteine from 17-oxylupanine is clear proof 
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of the stereochemistry of the former. Thus 
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Aphylline 
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aphylline and oxysparteine are: 


( 
\”\ 


Oxysparteine 





The ultraviolet absorption spectrum of 17-hydroxylupanine perchlorate 
(Fig. 1) is noteworthy. The normal hypsochromic shift in going from an 
aliphatic amine to its salt is reversed. This strong absorption above 

\ 
A. 


250 mu 
So ie 
must be due to the > ¢ N % group. The intense end absorption due to 


ri 


4 
the lactam function is illustrated in Fig. 2. 
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EXPERIMENTAL 
Melting points are corrected to +1°C. The infrared spectra were de- 
termined on a Perkin-Elmer double beam model 21 instrument. They are 
reported by citing the position of the main peaks in cm.~! followed by per- 
centage absorption, in parentheses. The ultraviolet spectra were determined 
on solutions in 95% ethanol using a Beckman D.U. spectrophotometer. 


d-Lupanine Perchlorate 

d-Lupanine perchlorate isolated in these laboratories from Lupinus poly- 
phyllus L. and crystallized from methanol had m.p. 214—215° (immersed at 
180°). [a]; = +46.8 + 0.5° (c, 2.29 in water). 

The pK of lupanine was found to be 8.4 (pH at half-titration) by titration 
of the perchlorate in 50% aqueous methanol. Calc. for CisHoyNO2.HC1Og: 
C, 51-68: H, 7.16; N, 8.02: Found: C, 51.54: H, 7.36; N, 7.84%. Infrared 
spectrum (nujol mull): 3500(31), 3240(42), 2680(35), 1617(91), 1455(77), 
1425(68), 1377(31), 1346(44), 1334(38), 1314(51), 1281(31), 1250(52), 1225(20), 
1192(25), 1170(68), 1100(98), 967(33), 929(25), 856(19), 820(11), 785(14), 
725(15), 655(21), 607(24). 
d-Lupanine 

d-Lupanine base was obtained by treatment of d-lupanine perchlorate with 
aqueous sodium hydroxide, extraction with methylene chloride, removal of 
solvent after drying (sodium sulphate), and distillation of the oil at 117—120° 
at 0.3 mm. Infrared spectrum (3 mgm./ml. in carbon disulphide, 1 mm. cell): 
2930(64), 2840(36), 1644(77), 1359(32), 1345(38), 1335(48), 1309(37), 
1279(40), 1250(38), 1185(23), 1165(40), 1137(38), 1119(42), 1099(26), 
1071(21), 1025(18), 1013(17), 965(12), 916(14), 842(11), 785(16). 


17-Hydroxylupanine 

Lupanine (1.614 gm.) dissolved in 50% aqueous methanol (40 cc.) was 
stirred for six hours at 60—70° with freshly prepared silver oxide (8.8 gm. dry 
weight) in a nearly closed system. Metallic silver was formed slowly. The 
solids were removed by filtration and washed thoroughly with hot methanol. 
The combined filtrate and washings were concentrated to remove solvent, 
made alkaline with aqueous sodium hydroxide, filtered, and extracted ex- 
haustively with methylene chloride. The methylene chloride solution was 
extracted with 3 N sulphuric acid (twice) and once with water. The acid 
solution was made alkaline with sodium hydroxide, extracted with methylene 
chloride, the extract dried (sodium sulphate), and concentrated to yield an 
oil which was converted to perchlorate in methanol. The warm supernatant 
methanolic solution was removed from the deposited perchlorate (mainly 
d-lupanine perchlorate) and allowed to crystallize to yield crystals, m.p. 210-- 
220°, which after three crystallizations from methanol had a melting point of 
253° dec. (immersed at 210°) (100 mgm.). In other similar experiments yields 
of up to 15% of the theoretical were obtained. In one experiment in an open 
system (reflux condenser) a yield of 53% was obtained. Lupanine was nearly 
inert to air oxidation under similar conditions without a catalyst. A sample 
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of the perchlorate prepared by the method of Marion and Leonard (6) also 
melted at 253° (dec.). [a]; = —135.6° (c, 2.91 in water). Found: C, 51.56; 
H, 6.81; N, 7.72. Calc. for CisH2N2O.HCIO,g: C, 51.94; H, 6.68; N, 8.08%. 
Infrared spectrum (nujol mull): 1682(33), 1635(86), 1434(55), 1416(53), 
1371(40), 1350(35), 1335(36), 1312(41), .1295(22), 1271(57), 1243(34), 
1215(22), 1175(48), 1149(36), 1103(90), 1182(90), 1130(29), 1111(26), 
975(30), 949(24), 921(27), 907(17), 880(14), 851(12), 830(14), 686(22), 650(20). 

17-Hydroxylupanine obtained from pure perchlorate was converted to 
picrate in methanol, recrystallized from methanol—ether, m.p. 172—174°. 
Found: C, 53.22, 53.45; H, 5.79, 5.73; N, 14.65. Calc. for C2;HesNsOx8: C, 53.05; 
H, 5.30; N, 14.73%. 

The pK of 17-hydroxylupanine was found to be 10.5 (pH at half titration) 
by titration of the perchlorate in 50% aqueous methanol. 

The base liberated from the perchlorate had [a]*° 38.7 + 0.5° (c, 3.72 in 
ethanol). 

Active hydrogen (Zerewitinoff). Found: 0.448%. Calc. for one active hydro- 
gen: 0.378%. Infrared spectrum (7.6 mgm./ml. in carbon disulphide, 1 mm. 
cell): 3540(15), 3380(18), 2930(84), 2850(70), 2050(12), 1643(91), 1346(71), 
1329(67), 13810(65), 1292(44), 1280(40), 1255(64), 1203(34), 1175(48), 
1165(64), 1128(60), 1119(62), 1090(53), 1078(60), 1047(43), 1034(50), 
1018(48), 1001(37), 980(25), 963(39), 910(45), 840(30), 795(28), 685(12), 
648(21). 

Catalytic Reduction of 17-Hydroxylupanine 

17-Hydroxylupanine (65 mgm.) dissolved in absolute ethanol (10 cc.) was 
treated with hydrogen at atmospheric pressure and room temperature in the 
presence of Adams’ platinum oxide catalyst (50 mgm.). One mole of hydrogen 
was absorbed. The catalyst was removed by filtration, the solution made acid 
to Congo red with 70% perchloric acid and allowed to crystallize to give 
prisms, m.p. 210-211°, which showed no depression on admixture with au- 
thentic d-lupanine perchlorate. [a]*s° = +46.1 (c, 1.92 in water). The in- 
frared spectrum, as a liquid film, of the base from the perchlorate was super- 
posable on that of authentic lupanine. 

Sodium Borohydride Reduction of 17-Hydroxylupanine 

17-Hydroxylupanine perchlorate (30 mgm.) was dissolved in water (4 cc.) 
and the solution made faintly alkaline with sodium hydroxide. Sodium boro- 
hydride (50 mgm.) was added and the solution maintained at room tempera- 
ture with occasional shaking for one hour. The alkaline solution was extracted 
exhaustively with methylene chloride, the extract dried (sodium sulphate), 
concentrated, and the resulting oil converted to perchlorate in methanol.The 
salt crystallized from methanol as needles (30 mgm.), m.p. 209-210°, which 
showed no depression on admixture with a specimen of authentic d-lupanine 
perchlorate. 


d-Oxylupanine from 17-Hydroxylupanine 
17-Hydroxylupanine (107 mgm.) dissolved in acetone (10 cc.), glacial acetic 
acid (1 cc.), and water (1 cc.) was treated portionwise with pulverized po- 








240 CANADIAN JOURNAL OF CHEMISTRY. VOL. 32 


tassium permanganate (40 mgm.) during 40 min. The deposited manganese 
dioxide was filtered off and washed with acetone. The combined filtrate and 
washings were concentrated tm vacuo to remove solvent, dissolved in methylene 
chloride (10 cc.), washed with dilute hydrochloric acid and water and dried 
(sodium sulphate). The solvent was removed to yield an oil which immediately 
crystallized. Sublimation at 170° at 0.4 mm. yielded a colorless crystalline 
product, m.p. 152-153°. Calc. for CisH22N2O2: C, 68.67; H, 8.45; N, 10.68. 
Found: C, 68.58; H, 8.52; N, 10.77%. Infrared spectrum (8.7 mgm./ml. in 
carbon disulphide, 1 mm. cell): 2940(85), 2860(71), 1640(96), 1348(85), 
1330(69), 1320(51), 1308(73), 1275(89), 1260(87), 1231(51), 1185(57), 1173(63), 
1163(66), 1150(53), 1136(53), 1124/51), 1098(51), 1082(36), 1040(27), 1020(38), 
985(28), 966(33), 916(31), 835(20), 815(21), 771(23), 707(16). 
d-Oxylupanine from Lupanine 

d-Lupanine (5382 mgm.) dissolved in acetone (50 cc.), glacial acetic acid 
(5 cc.), and water (5 cc.) was treated as described for 17-hydroxylupanine 
with pulverized potassium permanganate (859 mgm.) during 35 min. The 
mixture was filtered, the solvent removed in vacuo, the oil dissolved in methyI- 
ene chloride (15 cc.), and extracted with 3 N sulphuric acid (two 15 cc. portions) 
and once with water. The dried (sodium sulphate) methylene chloride solution 
was concentrated to yield a crystalline solid (319 mgm.) which was sublimed 
at 168-170° at 0.4 mm. After two recrystallizations from acetone-ether the 
compound melted at 154°. It showed no depression on admixture with d-oxy- 
lupanine obtained by oxidation of 17-hydroxylupanine. (a); = +138.9° 
(c, 2.86 in absolute ethanol). : 


Oxidation of Lupanine with Alkaline Ferricyanide 

Lupanine (1.333 gm.) was shaken with potassium ferricyanide (10 gm.) and 
sodium hydroxide (1.75 gm.) in water (25 cc.) for 40 min. The solution was 
extracted with three portions of methylene chloride, the extracts washed twice 
with 3 N sulphuric acid and with water, dried (sodium sulphate), and concen- 
trated to yield an oil (300 mgm.) which partially crystallized. This product 
was crystallized twice from boiling petroleum ether (b.p. 30-60°) to yield 
colorless needles, m.p. 150-151°, which showed no depression on admixture 
with specimens of oxylupanine prepared from lupanine or 17-hydroxylupanine. 

The infrared spectrum in carbon disulphide was superposable with the 
corresponding spectrum of the oxylupanine prepared from lupanine or 17- 
hydroxylupanine. 


Catalytic Reduction of Oxylupanine 


Oxylupanine (200 mgm.) dissolved in 2 N hydrochloric acid (15 cc.) was 
treated with hydrogen at 26° and atmospheric pressure in the presence of 
platinum catalyst (200 mgm.) for 24 hr. The catalyst was removed by fil- 
tration and the filtrate extracted with methylene chloride. The acidic solution 
was made alkaline, extracted exhaustively with methylene chloride, dried 
(sodium sulphate), and concentrated to yield a crystalline product, m.p. 83- 
85°. After recrvstallization from petroleum ether (b.p. 30—60°) it melted at 86°. 
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This showed no depression on admixture with authentic oxysparteine. The 
infrared spectra in carbon disulphide of the two specimens were superposable 
(10 mgm./ml. in carbon disulphide; 1 mm. cell) : 2930(91), 2860(78), 2760(69), 
1640(92), 1363(82), 1355(73), 1335(63), 1315(74), 1298(57), 1286(54), 1274(88), 
1260(87), 1247(50), 1233(45), 1192(71), 1185(62), 1166(56), 1150(71), 1136(69), 
1120(76), 1108(59), 1086(55), 1061(43), 1026(37), 111548), 985(18), 965(35), 
932(20), 905(16), 842(25), 805(14), 769(22), 749(45), 690(15). 


I ydrastinine 
The pK of hydrastinine was found to be 11 by titration of the chloride with 
sodium hydroxide in 50% aqueous methanol. 
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SYNTHESIS AND INFRARED SPECTRA OF GUANYLUREAS' 


By Pau. A. Borvixn, W. BrIpGEO, AND JEAN L. Borvin 


ABSTRACT 
When |-amidino-3-nitrourea is reacted in aqueous solutions of amines, nitrous 
oxide and carbon dioxide are eliminated and guanylureas are formed, together 
with disubstituted ureas as by-products. The infrared absorption spectra of 
some disubstituted ureas and nitrates of guanylureas are discussed with tentative 
assignment of bands to some groups. 


INTRODUCTION 
1-Amidino-3-nitrourea (II) is prepared in good yield by nitration of di- 
cyvandiamide (1) in mixed nitric—sulphuric acid: 


NH NH 
VA H2SO,4 Va 
NC—NHC a ee NO.NH —CONH —C 
Ln HNO; 
NH: NH: 
(1) (IT) 


According to its configuration, it is a mixed derivative of nitrourea and 
guanidine. As a nitrourea derivative, it is not expected to be a stable compound 
in aqueous solution. Davis and Blanchard (5) have shown that nitrourea 
decomposed into nitrous oxide, carbon dioxide, and water. 

The rate of decomposition is increased by alkaline catalysts such as amines. 
The isocyanic acid formed in the decomposition of nitrourea reacts with 
amines to yield substituted ureas. Moreover the substituted ureas (6) are 
transformed in aqueous solution into either a primary amine and isocyanic 
acid or an isocyanate and ammonia. 

The decomposition of 1-amidino-3-nitrourea in aqueous solution is known 
to vield guanidine carbonate, nitrous oxide, and carbon dioxide according to 
the following equation: 


NH NH: 
Va | 
2NOz:NHCONHC + HO —~> 2N.0 + CO. + C=NH 
a l 
NHe NH: 2. H.CO; 


Since nitrous oxide is formed, this gas might come from the decomposition 
of nitramide which should be present at some stage of the decomposition. 
1-Amidino-3-nitrourea could therefore decompose as suggested by T. L. Davis 
for nitrourea according to the following equation: 

1 Manuscript received October 9, 1958. 
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NH NH 
Vi 
\ ™ 


NH2 NH; 


NO:NHCONHC —> NO.NH: + O =C =N-C 
\ 


\ 


This implies the formation of nitramide and guanylisocyanate (7). Nitramide 
decomposes in the normal way into water and nitrous oxide, and guanyliso- 
cvanate like alkyl isocyanate according to the following equation: 


_ me 
NH NH NH 
| 
N | | 
C-—-N=C=z=0+H,O —-—> C— NHCOOH —> C — NH, + CO.. 
/ | | 
H.N NH, NH, 








Thus the intermediate formed, guanylcarbamic acid, will decarboxylate 
rapidly into guanidine and carbon dioxide. 

Since guanylisocyanate cannot be isolated, its presence is shown, however, 
by its reaction with amines. When aniline was boiled with 1-amidino-3- 
nitrourea in the presence of water, N-phenyl-N’-guanylurea was formed 
together with diphenylurea as by-product (8). 

The formation of diphenylurea indicates a further transformation of N- 
substituted-N’-guanylurea which can decompose like N-substituted ureas (6). 
Therefore the guanylurea formed can react with another mole of amine to 
vield disubstituted ureas according to the following equations: 


HN HN 
\ 
C-—NHCONHR -—~> foe ne 


‘i 


H.N H.N. 
0 =C =NR+RNH:; ——> RNHCONHR. 


Several N,N’-disubstituted ureas were prepared from 1-amidino-3-nitrourea 
as a by-product of the synthesis of guanylureas. They are shown in Table I. 


TABLE I 
N,N’-DISUBSTITUTED UREAS 








| 
N,N’-Substituents | Mo. *C. 


| Ref. 
Phenyl 241-242 | (4) 
Benzyl 170 | .(10) 
o-Tolyl 252 | (2) 
p-Tolyl 267-268 (1) 
p-Bromophenyl | 292-293 decomp. (3) 
p-Anisyl 237-239 (9) 





In all cases disubstituted ureas were obtained. N-substituted-N’-guanylureas 
were prepared by refluxing 1-amidino-3-nitrourea with amines in aqueous 
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solution. After removing insoluble disubstituted ureas, nitric acid was added 
and a solid came out which was the nitrate of N-substituted-N’-guanylureas. 
They are listed in Table II. All their salts are slightly soluble, the nitrate being 


TABLE II 
NITRATES OF N-SUBSTITUTED-N’-GUANYLUREA 








Analysis % HNO; 


N-Substituent | Ms: °C. _————_|_—_____—_ 
| Found | Cale. 
— a es — ee 
Propyl 160-162 | 30.1 | 30.4 
Amy! 142-143 26.9 26.8 
Hexyl 148-150 | 25.2 | 25.3 
Isobuty] | 168-169 | 28.2 | 28.5 
Hydroxyethyl } 153-155 | 30.3 30.1 
Phenyl* 212-213 decomp. | _ Ref. (8) | 
Benzyl | 183-184 } 24.4 | 24.7 
o-Tolyl 180-181 decomp. | 25.0 24.7 
p-Tolyl 220 decomp. } 24.7 | 24.7 
p-Bromopheny! 207-209 decomp. {| 20.0 19.7 
p-Anisyl 213-214 decomp. | 23.6 23.3 
Morpholiny! 124-125 |} 26.9 26.8 








*Phenylguanylurea was also isolated as a free base, m.p. 148°-144°C. (8). 
wg s : 


most insoluble. Qualitative measurements showed that their sulphate and 
hydrochloride were also slightly soluble. The nitrate of N-phenyl-N’-guanyl- 
urea is as insoluble as nitron nitrate, but is not suitable for the estimation of 
nitrate. 

If an excess of amine is used, disubstituted ureas are the main products 
while guanylureas are formed in low vield. 1-Amidino-3-nitrourea is no more 
stable in water than nitrourea itself. The fact that it gives off one fourth of its 
nitrogen in the DuPont Nitrometer also explains its similarity to nitrourea (5). 


INFRARED SPECTRA 
Since guanylureas are mixed compounds of urea and guanidine it was of 
interest to determine their infrared spectra in order to correlate them with 
those of guanidine and urea. 
The spectra of these compounds are reported in Tables II] and IV. Only the 
more intense bands are reported as wave numbers (cm™'). 


TABLE Il 











N,N’-Substituents Band frequencies in cm.~! 


Phenyl! 695 750 900 . 1230 1310 1500 1600 1650 3330 
Benzyl 695 765 900 1240 1570 1630 3330 
o-Tolyl 750 «6900 =6©1240 §=6(1300~ =—-:1650 3030 
p-Tolyl | 750 = 816 1240 1310 1570 1650 3330 
p-Bromopheny! 750 820 1240 1560 1630 3310 


p-Anisyl | 750 =825 1240 1570 1630 3330 
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N,N’-Disubstituted Ureas 

The infrared spectrum of urea itself is not fully explained. Although urea 
gives a strong absorption band in the keto region, it has not been possible to 
establish definitely the vibration frequency of the carbamido group. It was 
thought that the symmetric disubstituted ureas isolated in the course of this 
work might be of value to elucidate the spectra of urea type compounds. 

They all show a sharp and strong absorption band at 3300 cm.“ which is 
indicative of OH or NH bands. Since —OH groups in these compounds, which 
are formed by tautomerization, are not likely to occur, the bands are attributed 
to unassociated NH groups. 


RNH _RN 

| \| 

I Ht 
C=O —_——> C — OH 


| 


RNH RNH 

In the double bond region, several absorption bands occur. One which is 
sharp and shows strong absorption is present at 1620-1639 cm.~' and should 
be due to the amide group. Other bands at 1330-1590 cm.“ indicate the pre- 
sence of a phenyl ring. It was observed that compounds such as diphenylurea 
and dibenzylurea show a strong band at 695 cm.~! whereas such a band is 
absent when the aromatic ring bears a substituent as does N,N’-di-p-tolylurea. 
Also worth mentioning are the bands falling at 750 cm.~! for o-phenyl sub- 
stituted compounds and other ban@s at 816, 820, and 825 cm.™ which are shown 
for p-phenyl substituted ureas. 


Guanylureas 

In the case of N-substituted-N’-guanylureas, strong hydrogen stretching 
vibration bands should be expected in the neighborhood of 3300 cm™. 

Like guanidine and urea nitrates which show NH vibration bands at about 
3270 and 3380 cm.~', most guanylureas exhibit two bands at nearly the same 
frequencies. Absorption bands of higher frequencies are due to NH groups and 
the band at lower frequencies is probably associated with NH. groups which 
can occur in the guanidine part of the nitrate of guanylurea. 

In the double bond absorption region, several bands of different intensities 
occur which are due either to C = O or C = NH. In the case of nitrates of 
alkylguanylureas, two strong bands occur, one at 1700-1710 cm.“ and the 
other at 1620-1630 cm™'!. In the disubstituted ureas, the band at 1630-1650 
cm.~! has been tentatively attributed to the carbonyl group of urea. On the 
basis of this observation the carbonyl band of the nitrate of alkylguanylureas 
would fall in this region whereas with arylguanylureas the band would occur 
at slightly lower frequencies 1600-1630 cm™. 

Between 1670-1710 cm.~! a strong sharp band occurs with all the nitrates of 
guanylurea examined; this band would be due to the C=NH group which is 
shown by guanidine compounds at 1670-1690 cm™. 

The second band in the double bond region showed by guanidine nitrate 
and urea nitrate is due to the vibration of N =O, which band is present in 
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most nitrates of guanylurea whereas it is absent in the case of N’-phenyl-N’- 
guanylurea, which is free base. It falls at 1310-1380 cm“. 

A band of good intensity at 800-825 cm.~! is attributed to nitrate ion; such 
a band is formed by inorganic nitrates such as ammonium nitrate (3). 

At 695 cm.—', the pheny! and benzy! derivatives show the band characteristic 
for monosubstituted benzene ring. Weak bands are obtained at 890 cm.~ with 
nitrates of alkylguanylurea which are indicative of a hydrocarbon chain on a 
nitrogen atom; they are absent, however, with aromatic substituents. 

In conclusion, it can be said that the infrared absorption spectra of guany- 
ureas and disubstituted ureas are in conformity with their chemical structure 
although it is difficult to distinguish C = O and C = NH owing to the many 
resonating structures of the guanidine molecule as an ion. 

EXPERIMENTAL 
Decomposition of 1-Amidino-3-nitrourea in Water 

1-Amidino-3-nitrourea (7.35 gm., 0.05 mole) and water (200 ml.) were boiled 
under reflux. Gases were evolved, —mainly carbon dioxide and nitrous oxide. 
The latter was collected over a solution of sodium hydroxide. The volume of 
gas collected measured 1200 ml. at 30°C. at 755 mm. The theoretical value 
under identical conditions is 1210 ml. The alkaline solution was titrated with 
standard acid using phenolphthalein as indicator and 0.0258 mole carbon 
dioxide was found. The theoretical value is 0.025 mole. 

In the aqueous solution, which was mainly guanidine carbonate, there was 
found 2.5 gm. of guanidine estimated as its picrate. Guanidine was found in 
85% vield from 1-amidino-3-nitrourea. 

Preparation of the Nitrate of N-Substituted-N’-Guanylureas 
1-Amidino-3-nitrourea (0.034 mole) was reacted with amines (0.034 mole) 
in aqueous solution (50 ml.). The solution was boiled until the evolution of 
nitrous oxide ceased. Then it was evaporated at 60°C. and filtered. The resi- 
dues were identified as N,N’-disubstituted ureas. The remaining solutions were 
acidified with nitric acid and yielded the nitrates of N-substituted-N’-guanyl- 
urea which were recrystallized from water. Results are listed in Tables I and II. 

With a large excess of amines, only disubstituted ureas were formed, as was 
the case with aniline, which failed to yield N-phenyl-N’-guanylurea. 
Estimation of 1-Amidino-3-nitrourea by Nitrometer 

.Using standard procedure to determine nitrate in a DuPont Nitrometer, 
l-amidino-3-nitrourea gave 9.50% of nitro-nitrogen. Calc. for CsH;O3N;: 
N, 47.6%. Found N, 47.5%. 

Infrared Spectra Measurements 

The infrared spectra were taken on a Perkin Elmer Spectrophotometer 
Model 21R. The instrument recorded the spectrogram automatically. All the 
samples were shaken in mineral oil into a uniform emulsion and placed between 
rock salt plates at a suitable thickness in order to obtain a good spectrogram. 
The bands are tabulated in Table II] and IV in wave numbers (cm~'). Only 
those of good intensity are reported. 
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THE ORTHO-PARA CONVERSION OF HYDROGEN AND | 
DEUTERIUM ON INHOMOGENEOUS PARAMAGNETIC SURFACES! 


By Y. L. SANDLER? 


ABSTRACT 


The kinetics of the magnetic ortho—para conversion of hydrogen and deuterium 
on neodymium oxalate and hemin crystals has been determined over a wide 
temperature range in a static system. In these cases a similar type of rate curve 
is obtained: at high and at low temperatures the rate decreases with temperature, 
while in the intermediate region the rate increases with temperature. The behavior 
is explained in terms of an energetic surface heterogeneity. In case of neodymium 
oxalate two distinctly different groups of sites appear to be active having energy 
barriers to migration of the adsorbed hydrogen at considerably different height. 
The conversion mechanism of the “‘trapped”’ gas is assumed to be similar to the 
mechanism in liquids where repeated collisions are also assumed to occur. 


INTRODUCTION 

The ortho-para conversion of hydrogen is catalyzed by molecular inhomo- 
geneous magnetic fields (6,14). This type of conversion has been observed to 
take place in the presence of paramagnetic gases, ions and molecules in solution 
(6) and when hydrogen is adsorbed on solids (1,13,7,2). The conversion on 
paramagnetic solids generally proceeds appreciably faster than on diamag- 
netic solids (13). In the latter case, when a conversion was found* it has been 
attributed to ‘‘surface paramagnetism”’ (1). 

When the fraction of gas adsorbed is small, generally a negative tempera- 
ture coefficient (negative “apparent activation energy’’) of the conversion 
has been found. This has been explained as due to a decrease in coverage 
of the solids with temperature; the negative activation energy found was 
approximately equal to the expected heat of adsorption of hydrogen on these 
solids (1). However, Eley (2) reported that with hemin the conversion is 
approximately temperature independent between +185°C. and —80°C. He 
suggested that the adsorbed hydrogen might require an activation energy 
for approaching the paramagnetic center, in this case fortuitously equal to 
the heat of adsorption. On the other hand, L. Farkas and the present author 
(7) at the same time reported that with neodymium oxalate the conversion 
appears to have the normal temperature dependence above 0°C., while 
below this temperature the apparent activation energy becomes strongly 
positive. 

In order to obtain more information on the nature of the activation energies 
in these two interesting cases it seemed desirable to investigate the kinetics 
of the conversion on hemin and neodymium oxalate more thoroughly than has 
been done heretofore. 


Manuscript received June 4, 1953. 


Contribution from Division of Pure Chemistry, National Research Laboratories, Ottawa, 
Canada. Issued as N.R.C. No. 3167. 
2 Present address: Laboratory for Insulation Research, Massachusetts Institute of Technology, 
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*No cases are considered here in which the solid may also be partly chemically active. 
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EXPERIMENTAL 


Hemin was prepared by the same method as used by Eley (2). The surface 
area was about 0.2 sq. meter/gm., determined by microscopic measurement. 
One gram of substance was used, leaving a gas volume of 2.43 cc. in the 
reaction vessel. The crystals were outgassed at 200°C. for three hours. Neo- 
dymium oxalate hydrate ‘“‘Nd I’’ was prepared from the same stock of nitrate 
and in the same manner as the material used in the previous paper (7), how- 
ever the crystals were not fractionated to produce a uniform size. A spectro- 
graphic analysis in the region between 3800 A and 5000 A showed no impurities 
beyond 0.3% praseodymium. Neodymium oxalate hydrate ‘‘Nd II” was 
prepared from a pure sample of the oxide, kindly supplied by Mr. D. S. Russel. 
His method of purification has been described elsewhere (10). The crystals 
had a surface area of 2.3 sq. meters/gm., determined by the BET method with 
nitrogen. Three grams were used in the reaction vessel, leaving a gas space of 
7.3 cc. The powder was outgassed for three hours at 25°C. Small U-shaped 
traps of 3 mm. diameter were placed between the reaction vessels and their 
stopcocks. They were attached closely to the reaction vessels and kept at the 
same temperature as the vessels; a constant temperature over practically the 
entire volume is thus assured, and the gas space can be kept small. This 
system proved entirely satisfactory in the present case although the traps 
cannot be effective above room temperature.* 

The two vessels with hemin and Nd II were kept together in the same 
temperature bath and the conversion was measured in one vessel while in the 
other vessel the hydrogen was allowed to equilibrate at the chosen tempera- 
ture by allowing the gas to remain in contact with the powder for more than 
seven times the half-life of the powder. Measurements were generally made 
at a time near the expected half-life +, and ¢ was evaluated assuming a first 
order law u = uw exp |—kt], where uw is the excess paraconcentration (or 
orthoconcentration for D.) over the equilibrium concentration at the time ¢, 
and up the excess concentration at ¢ = 0. In all cases the admitted gas was 
68% parahydrogen or 83% orthodeuterium. The analysis of the ortho-para 
compositions was carried out by the Farkas micromethod (3). The points on 
the half-life versus temperature curves were measured in random sequence 
and each point was determined at least twice. The activity of the powders 
remained constant to within the error of measurement throughout the period 
of measurement. The points were reproducible to within about 4% for Hy, 
and about 6% for De. 

All rates were measured at a pressure of 20 mm. Hg, except where stated 
otherwise. 

RESULTS 

In Fig. 1 the results for hemin with H2 and D, are given. The measured 
half-lives at 20 mm. pressure are plotted against temperature, for 1 gm. of 
substance and a gas volume of 2.43 cc., in the temperature range between 


*Neodymium oxide, catalyzing also the Hz + Dz reaction, became rapidly poisoned under the 
same conditions. This can be considered additional evidence that no chemical process is involved 
in the present cases. P 
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Fic. 1. Observed half-lives 7 for hemin at 20 mm. pressure ‘with Hz and D2, and ratio 
Tp./TH. 


+150°C. and —195°C. It is seen that the rate of the Hz conversion changes 
very little with temperature in the high temperature region within a range of 
200°, in good agreement with Eley’s findings (2); also the absolute rates are 
practically the same.* The half-life is seen to increase only little between 
—35°C. and +100°C. while the corresponding increase for deuterium is con- 
siderably larger. 

We shall express our results in terms of a constant weight of catalyst and a 
total number of gas molecules N independent of temperature. We define a 
half-life 7, as the half-life for 1 gm. of catalyst and a quantity of gas equal to 
the amount present in 1 cc. at 0°C. at the chosen pressure (1.18 K 10~-® mole 
at 20 mm.). 

For evaluating ty it was assumed here that the amount of gas adsorbed 
Ng is small compared with the total amount of gas N, so that N = Nas. 
Thus 
[1} ty = t (W/V) (T/273), 


and the rate constant ky = In 2/ry, where V is the gas volume in cc., W the 
weight of catalyst in grams, and T the absolute temperature. This seems 
justified except perhaps for the lowest temperatures; the calculated values 
of ry in this region may be a little too high. 
In Fig. 2 the logarithm of ry is plotted against 1/T for hemin. The curves 
for H, and D, are of similar shape. The apparent activation energy is negative 
*On a basis of equal surface area and gas volume the found half-lives agree within a factor 2. 


The microscopic estimates of the surface area of the needle shaped crystals necessarily are rather 
unreliable. For equal weights and volumes we find, in both cases, r = 2 min. gm./cc. 
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Fic. 2. Plots of log ry against 1/T for hemin. 


in the high temperature and in the low temperature region, but positive 
in the intermediate region. The high degree of constancy of the conversion 
rate at high temperatures in Fig. 1 is thus fortuitous; but the change of 
the rate over the entire temperature range is still relatively small. 

Fig. 3 gives the results with the new sample of neodymium oxalate Nd II; 
here the half-lives ry for De are plotted on a 10 times smaller scale. For com- 
parison, in Fig. 4, the previous results (7) with neodymium oxalate are 
reproduced for Hz (drawn out curve), and the curve of 1/10 7 for D2 has 
been constructed from the ratios tp,/tg, previously given. The curves in 
Figs. 3 and 4 appear to show a completely different behavior. However 
measurements made at 25°, —80°, and — 183°C. with two samples of Nd I, 
produced from the same starting material as the crystals used in the previous 
investigation, showed that the previously implicit assumption that 7 continues 
to increase with the decreasing temperature was unjustified. The approximate 
shape of the conversion curve at low temperatures is indicated by the dotted 
line in Fig. 4. On comparing Figs. 3 and 4 at high temperatures, it is evident, 
especially from the rising ratio curve in Fig. 3, that also for Nd IT the half-life 
would increase again at high temperatures. The measurements could not be 
extended here above 50°C. owing to rapidly changing activity of the catalyst 
above this temperature. 

Summing up, we see that the general shape of the neodymium oxalate 
curves appears to be similar, though differing in detail. With all three materials 
investigated here, including hemin, we find a similar type of temperature 
dependence: at high and at low temperatures the apparent activation energy 
is negative, while in the intermediate temperature region it is positive. 
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In Table I selected values for the apparent activation energy are given, 
together with the apparent kinetic orders my. n, is defined by the equation 


(12) 
[2] 


APPARENT ACTIVAT 


n.=[0 log (rate) /d log pr. 


TABLE I 
ION ENERGIES E AND REACTION ORDERS yj 

















Catalyst Temperature, Gas Ea). Nk 
a oa (const. NV) 
Hemin + 50 H, — 1000 1.00 
+ 50 D. — 1200 
— 120 He, De + 500 
—188 H2,D2 — 800 
— 188 He 0.64 
— 195 D. 0.52 
Nd Il 0 H, +3600 Ls 
— 35 D, +3100 
— 80 to —195 H. — 1050 
— 80 to —195 D. — 1300 
—188 He 0.6 
—195 D. 0.6 
Nd I Oto + 50 He — 3000 1.00 
+ 50 H. —5300 
+ 50 D, — 5900 | 
« | 0.95 
1.2 
1.0-—- 
* 0.8 
°o 
s 
0.6 F— : 
a 
a ' 
_ 
0.4 |— 
| P | ‘ | 
1.0 1.4 1.8 
LOG Pi, 


Plots of log 7 against log p: 

xX Hemin, —195.5°C. with De 
O Hemin, —188°C. with He 
@ Nd II, —195.5°C. with D, 
A Nd II, —188°C. with He. 


The vertical dotted line indicates a pressure of 20 mm. 


Fic. 5. 
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As the adsorbed fraction Ns/N has been assumed to be small, m, can be 
calculated from the equation 


[3] n;, = 1 — [A log 7/2 log pr. 


In the high temperature regions the conversion was found completely pressure 
independent between 3 mm. and 50 mm. pressure, therefore nj, = 1. The 
order rapidly decreases on the low temperature branches with decreasing tem- 
perature. In Fig. 5 a few examples of the change of log + with log p at low 
temperatures are given. The vertical dotted line indicates the pressure of 
20 mm. 

The high ratio tp,/7, found at high temperatures indicates that no chemical 
reaction is involved in the observed conversions. Nd II was contacted with 
H, + D, at —37°C. (in the region of positive apparent activation energy) 
for a period equal to six half-lives of the parahydrogen conversion. Analysis 
by mass spectrograph showed that no HD was formed in the mixture within 
1% (ef. also (2)). 

DISCUSSION 

in the present paper the rate data have been reduced to a constant number 
of ‘molecules in the reaction vessel. The observed activation energy is then 
strictly related (12) to the activation energy of the surface reaction E* at 
constant coverage (‘‘true’’ activation energy) by the equation 
[4] E = E*— n,Q, 
where n, is the apparent reaction order (equation 2) as determined in the 
present experiments and Q is the isosteric heat of adsorption. 

A number of cases have been reported in which, when-the fraction of gas 
adsorbed was small, the observed conversion rate decreased uniformly with 
temperature over a wide range (4,2). The values of —E in these cases lie 
approximately between 500 and 2500 cal. and agree with the order of magni- 
tude of the heat of adsorption of hydrogen on these solids. This has generally 
been assumed to mean that the rate of the surface reaction does not vary 
considerably with temperature (E* = 0). 

As the isosteric heat Q should be positive, the positive apparent activation 
energy £, found in the present experiments in the intermediate temperature 
region, proves the existence of a strong temperature dependence of the surface 
reaction. From equation 4 we see that £* in this region must be greater than 
n.Q. For He in the case of Nd II at 0°C. we find E* = 3600 + n,Q cal.; in 
case of hemin at —120°C., E* = 500 + n,Q with n, near to 1, and Q probably 
between 500 and 2500 cal. 

This rapidly changing conversion rate in the intermediate temperature 
range might be explained as due to some resonance acting in this region and 
thus increasing the ortho-para transition probability. In view of the similarity 
of the curves found for Hz and Ds», however, this possibility is practically 
excluded. A possible existence of a physical transition in the solid in this 
region would not appear to provide a satisfactory explanation, because such 
changes would be expected to take place in a much narrower temperature 
interval. 
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Neodymium Oxalate 


In the previous communication (7) we assumed that the temperature 
dependence found with Nd I at high temperatures (Fig. 4) is of the ‘‘normal” 
type, i.e., the change of the observed rate is essentially due to a change of 
coverage and E* is small. The sharp decrease of the rate on lowering the 
temperature (positive £) was suggested to indicate that another process 
becomes rate determining in this region. This also seemed clearly indicated 
by the sharp decrease of the ratio rp,/7y,. At temperatures above 0°C. this 
ratio is above 10, the value found for the conversions in presence of para- 
magnetic gases (5,9). No process other than the magnetic conversion is so 
far known that would lead to such high ratios in this temperature region. 
But at —78°C. the ratio is only two. A similar decline to a value 4 at 0°C. 
was found in the present experiments with Nd II in the intermediate tempera- 
ture region. 

It was originally suggested (7) that the desorption of the gas from the | 
surface becomes rate determining in the region of positive E. The fact now 
found that the rate increases again when further lowering of the temperature, 
seems to contradict this explanation. This apparent contradiction can be 
removed by assuming the existence of two distinctly different sets of para- 
magnetic sites. The conversion due to one set predominates at high tempera- 
tures. In the intermediate temperature region then desorption from these sites 
becomes slow. This will occur when the mean adsorption life of a hydrogen 
molecule on these sites becomes greater than its mean conversion life. In the 
low temperature region the conversion is solely due to the second set of sites 
and the temperature dependence of the observed rate again shows the 
‘“‘normal”’ slope. Desorption from the first set of sites in this region has become 
so slow that the conversion due to these sites no longer masks the conversion 
due to the second set of sites. In this region also the ratio rp,/Ty,again assumes 
high values, characteristic of the magnetic conversion (as further discussed 
below). 

If we would assume that the paramagnetic ions are all freely approachable, 
a simple numerical estimate shows (2) that desorption from the surface could 
not become rate determining anywhere in the measured temperature interval, 
because the mean contact time with the surface would be roughly 10'° times 
smaller than the mean conversion life of a molecule. This difficulty can be 
resolved by assuming that the paramagnetic centers active in the high tem- 
perature region are not freely approachable, but a high energy barrier may have 
to be overcome by a hydrogen molecule to reach these centers and similarly 
also to leave them. The presence of such barriers does not necessarily slow down 
the reaction. The decreased chance of a molecule of reaching a paramagnetic 
site will be counteracted by an increased conversion probability due to a 
longer time of sojourn near a paramagnetic center. Each ‘‘collision’’ with 
these centers within the narrow cage will cause an ortho-para transition with 
a certain probability y. Probably the value of y for the trapped molecule is 
not of a very different order of magnitude than the y for paramagnetic gases 
(10-" to 10-"). Thus the conversion rate may be of a similar order of magnitude 
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as in case of a freely approachable ion. This seems to be the reason why 
previous estimates based on a free collision mechanism appeared to lead to 
reasonable results. The ‘‘cage mechanism”’ proposed here is somewhat similar 
to, the conversion mechanism in liquids- where repeated collisions are also 
assumed to occur {11). The rates found in paramagnetic solutions are nearly 
equal to those found with paramagnetic gases (8). 

In a more quantitative manner, the state of affairs can be described as 
follows: 

The observed rate for a nonuniform surface can be written as, 


[5] rater=kN = ye k; Ni, 


where N is the total number of hydrogen molecules in the reaction vessel and 
N; is the number adsorbed on sites of type 7. In case of neodymium oxalate 
we have essentially two types of site, “‘1’’ and ‘‘2”, 1 referring to the sites 
active at high temperatures. In the high temperature region N» k2 is 10? to 
10% times smaller than N, k;, as found by extrapolating the low temperature 
branch of the rate curves to high temperatures. 

As long as the magnetic conversion itself completely determines the observed 
rate, each k; is given by, 


(6] k(conversion) = C;y; = vi Yi, 


where C; is the number of coordinations per unit time with a paramagnetic 
center for a hydrogen molecule trapped near this center. It is of the same 
order as the vibration frequency v; of the hydrogen molecule in the trap. 
y; is the conversion probability at each such coordination. Then k; (conversion) 
= 10'* X 10-? = 10 sec™.* 

Equation 6 is only valid as long as the rate constants for desorption from 
any site 7 are large compared with the corresponding conversion rate constants. 
The desorption rate constants are roughly given by, 


[7] k; (desorption) = »; exp [—E;/RT), 


where £; is the energy barrier to desorption from site 7. Thus with decreasing 
temperature, when k, N, (desorption) becomes of the same order as k; N, 
(conversion), a change in sign of the observed activation energy will be found. 
For Nd I (Fig. 4) this occurs at 273°K. From equations 6 and 7 we find that 
in this temperature region y; 11. = v,exp[—,/RT], giving E; = 16 kcal./ 
mole as the approximate barrier to desorption from the high temperature 
sites. 

* Note to be added in proof: For a two-dimensional gas the rate r can be estimated from the 
equation r = (v/d) yNs; here v is the velocity of the adsorbed molecules, d is their mean path be- 
ween the paramagnetic sites, and Ns, is the total number of adsorbed hydrogen molecules. Then r 
=(10°/10~7) 10~'* Ng. This gives an order of magnitude for the ‘‘true’’ rate constant ks (=r/Ns) 
of 1 sec.-'. For a synthetic paramagnetic surface composed of oxygen molecules adsorbed on a 
diamagnetic surface, the value d = 10-7 cm. chosen for the Nd surface would correspond to about 
2 X 10" oxygen molecules per cm. surface. For this concentration one actually finds a ky of about 
0.5 sec. (cf. Sandler, Y. L. J. Phys. Chem. 58: 56. 1954). 

We tentatively assume that the model of a completely localized hydrogen (as assumed above for 
the estimate of k;) and of a completely mobile hydrogen would lead to the same order of magnitude 
for the conversion rate. The relation r = =k;N; = ksNs then leads to a fraction adsorbed on the 
paramagnetic sites 2N;/Ns=210~'. This appears to be a reasonable order of magnitude which 
unfortunately cannot be checked independently. 
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This calculated figure seems larger than the maximum true activation 
energies E* in the intermediate temperature region. However, apart from the 
approximations involved in the equations and the uncertainties in the data 
used, the maximum of £* found in the intermediate temperature range must 
be smaller because this region constitutes only a relatively narrow transition 
range between the high temperature and low temperature regions. Also, both 
the high temperature and low temperature sites may not be completely 
uniform, as has been assumed here. 

There are thus two distinctly different groups of sites in the case of neo- 
dymium oxalate; one group requiring a high activation energy for approach, 
the other a relatively low, or no activation energy. 

In the regions in which the conversion is rate determining, these activation 
energies of migration in the surface layer are, of course, not to be confused 
with the “true’’ activation energy E*. The latter quantity is derived from the 
temperature dependence of the “‘true’’ rate of the surface reaction (at constant 
coverage). We have seen that the height of the migration barriers may have 
little effect on the reaction rate in a region in which the rate is controlled by 
the repeated collision mechanism. 


Hemin 


In the case of hemin the existence of a true activation energy E* again 
indicates the requirement of an activation energy for approaching and 
ieaving the paramagnetic sites. In this case the change of E* with temperature 
is much smaller and a more or less continuous decrease of the ratio rp,/Ty, 
with decreasing temperature was found. There is therefore no such distinct 
division into two temperature regions in which two different groups of sites 
are active as found for Nd. The changing true activation energy can be 
explained by a more continuous energy distribution of sites and barriers. 

It is difficult to decide how far an analogy with the much clearer case of 
Nd exists. We may, by analogy, assume that desorption increasingly deter- 
mines the over-all reaction with decreasing temperature. However, in the 
present case the observed changes of E* are not large and a certain variation 
with temperature may always be expected with a heterogeneous surface 
due to a changing distribution of the gas amongst different types of sites 
with temperature and coverage. 


The Hs D, Ratio 


A complete discussion of the behavior of the ratio tp,/tq, cannot be given 
owing to the complexity of this problem. 

For the conversion in presence of oxygen at 300°K. the ratio is 10, while 
at 83°K. it is about 5.4 (5). This change can be explained on the basis of the 
difference in the rotational energy levels and statistical weights of Hz and Dy. 
Neglecting factors which on the basis of simple classical considerations would 
be expected to be approximately equal for Hz and Dz, the temperature depen- 
dence for each isotope will be given by (9),* 


*In formula (6) of ref. 9 the subscripts ‘‘even”’ and ‘‘odd” should be exchanged. 
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7 J exp [—E,/RT] I ye J exp (—E,/RT] 
[8] f(7) = —At+—-—-—__-—_—__- . ——... — 4 4 ____—_ —., 
> (27 + 1) exp [—E,/RT] I+1 >> (2/+1) exp [—E,/RT] 
para ortho 


(E, is the energy of the rotational state J, and J is the resultant nuclear 
angular momentum of H (=1/2) and D (=1). The para states for He are the 
even’ states, for D, the odd states.) 





(T) 


RATIO 











0 l l L | l l rl £. ! 
oO 100 200 300 400 


TEMPERATURE °K 





Fic. 6. The function f(T) (equation 8) for Hz and De (dotted lines) and the ratio fy,/fp, 
normalized to 10 at 300°K. (solid line). 


In Fig. 6 the function f(T) is plotted for H. and D, (dotted curves). Their 
ratio, normalized to 10 at 300°K., is also given (solid line). At 83°K. we obtain 
from the curve a ratio 5.65, which is in agreement with the value above for 
O, within experimental accuracy.* 

For solid surfaces the state of affairs should be considerably more compli- 
cated—owing to the effect of the differences in zero-point energies and energy 
levels of H. and Dz on a variety of other factors. However, it might be worth 
while recording a certain trend recognizable in the present measurements, 
although the detailed explanation for the behavior does not seem to be the 
same in all cases. It seems that a high positive true activation energy, at least 
in the present cases, leads to a depression of the H:/Dz, ratio, while low, or 
even negative, true activation energies lead to a relatively high ratio. For 

* According to Kalckar and Teller (Proc. Roy. Soc. A, 150: 520. 1935.) a comparison of the 
rates, as given here, may be objectionable owing to the difference in translational momenta of H» 


and Dz. It is, however, seen that this does not lead to serious errors, at least as far as the change of 
the ratio below 300°K. is concerned. 
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example, for Nd I a highly negative apparent activation energy E of 5000 to 
6000 cal. was found at +50°C. (Table I, Fig. 4). As the heat of Van der Waals 
adsorption is unlikely to be as high as 5000 to 6000 cal., it follows that E* 
must be negative. The H:/Dsz ratio at this temperature is as high as 13.5, 
even higher than the expected value 10 found with paramagnetic gases. 
With decreasing temperature E* rapidly increases while the ratio rapidly 
decreases to low values (2 at —80°C.); similarly for Nd II (Fig. 3) in the 
corresponding region the ratio falls off to 4 (at 0°C.) from some higher value. 
At low temperatures, the ratio for Nd II has the approximately normal value 
9 at —100°C. (falling off towards lower temperatures somewhat faster than 
expected). In this region indeed the true activation energy seems to be small. 
This can be seen by applying equation 4, setting E* = 0. Then E = — n, Q, 
with an average n, = 0.8 and E = —1050 cal. (Table I). This leads to a 
value for Q of about 1300 cal., which is at least a reasonable order of magnitude 
for the heat of adsorption. 

In the case of hemin the small change of the rate throughout the entire 
temperature range indicates that E* is high (of the order of magnitude of Q). 
Correspondingly the ratio values (Fig. 1) are low throughout with respect 
to the normal values. The ratio in this case decreases, more or less uniformly, 
from a value 7 at +150°C. (instead of about 10) to 1.5 at —190°C. (instead 
of 5.6). 
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CARBODIIMIDES 


PART IV. THE FISSION OF N,N’-DI-p-TOLYL-O-BENZYL AND-O-ALLYL 
PSEUDOUREA ETHERS IN THE PRESENCE OF ACIDS! 


By H. G. KHORANA 


ABSTRACT 

N,N’-di-p-tolyl-O-benzyl pseudourea ether has been shown to form, in the 
presence of acids, a mixture of the corresponding benzyl ester and unchanged 
acid, di-p-tolyl urea and an isomer of the urea ether which is concluded to be 
N-(2-benzyl-p-tolyl)-N’-p-tolyl urea. The transient coloration (to orange red) 
of the reaction mixture affords strong evidence for the intermediate formation of 
benzyl cations. The fission of N,N’-di-p-tolyl-O-allyl pseudourea ether follows 
an analogous course. 


In Part II] (10) of this series the preparation of a number of N,N’-di-p-tolyl 
O-alkyl pseudourea ethers (I], R = alkyl) and their subsequent decomposition 
with mono- and di-esters of phosphoric acid (e.g. II] to form tertiary phos- 
phates (IV) was described. 
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It was of interest to extend this method to the preparation of benzyl esters* 
of phosphoric acid derivatives through the easily prepared N,N’-di-p-tolyl-O- 
benzyl pseudourea ether (11, R = benzyl). The benzyl group has proved to 
be a suitable protecting group as shown by its extensive use in the synthesis 
of biologically important phosphates by Todd and collaborators (3,9). In 
this communication we report on the behavior of the above mentioned O-benzy1 
ether in attempts to prepare benzyl phosphates. The results provide a further 
demonstration of the well-known reactivity of the benzyl group. N,N’-di-p- 
tolyl-O-allyl pseudourea ether was also shown to react in an analogous manner. 

The O-benzyl and O-allyl ethers (11, R = benzyl and allyl respectively) 
were prepared in quantitative vield (I-11) as described earlier (10), the former 
being a highly crystalline substance. When to a benzene solution of the 
O-benzyl ether a stoichiometric amount of dibenzyl hydrogen phosphate was 

' Manuscript received October 19, 1953. 
Contribution from the Chemistry Division of British Columbia Research Council, Van- 
couver 8, B.C. Presented before the Chemistry Section of the B.C. Academy of Sciences at its 
Seventh Annual Conference held at the University of British Columbia on April 17 and 18, 1958. 


* Phenyl diazomethane, an unstable and rather difficultly prepared substance, has been 
used for the preparation of bensyl esters (2, 4). 
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added and the solution was warmed, it began to color immediately. The 
orange red color which developed faded again, as a practically colorless re- 
action mixture containing a white crystalline precipitate resulted in approxi- 
mately 15 min. The same sequence of reactions was found to occur when di- 
benzyl hydrogen phosphate was replaced by diphenyl hydrogen phosphate, 
p-toluene sulphonic acid, or glacial acetic acid. Similar reactions were also 
observed in the course of a few hours when a benzene solution of the O-benzy] 
ether and dibenzyl hydrogen phosphate was kept at room temperature. From 
the reaction mixtures using dibenzyl hydrogen phosphate, 30-50% of the 
acid was recovered and some tribenzyl phosphate, the expected benzyl ester, 
could also be isolated. The benzene-insoluble neutral reaction product was a 
mixture which was separated by fractional crystallization into di-p-tolyl urea 
(m.p. 265°) and a substance (m.p. 206°-207°). The latter substance was 
isolated also from the products of fission of the O-benzyl ether in the presence of 
p-toluene sulphonic acid. The vield of this substance appeared to be in direct 
proportion to the amount of the acid recovered from the reaction products. 
(If the O-benzyl pseudourea ether (m.p. 85°) was heated alone at 160° for 
15 min., none of the transformation product (m.p. 206°-207°) was formed, the 
starting material being recovered. Use of 10% of stoichiometric amount of 
acid was also not satisfactory in effecting the fission of the O-benzyl ether.) 
A procedure which was found to be particularly favorable to the formation 
and isolation of the substance (m.p. 206°-207°) consisted of the addition of a 
hot dilute solution of the benzyl ester to a very dilute boiling solution of 
p-toluene sulphonic acid. Analytical data showed this substance to be an 
isomer of the O-benzyl pseudourea ether. The fission of N,N’-di-p-tolyl-O-ally! 
pseudourea ether in the presence of acids gave similarly a substance (CisH29ON2:; 
m.p. 200°-202°) isomeric with the O-allyl ether. 

From the general properties of these substances (C22H2ON»2 m.p. 206°-207°, 
and CysH2ON2, m.p. 200°-202°), it is concluded that they are derivatives of 
di-p-tolyl urea, carrying respectively a benzyl and an allyl group in one of the 
two symmetrically substituted rings (e.g. V1). Infrared absorption spectra of 
di-p-tolyl urea and the “rearrangement products” which are reproduced in 
Fig. 1 confirmed these structures for the latter compounds. All the three 
compounds have a strong absorption band around 3290 cm. (3.2 w) character- 
istic of N—-H stretching. The absorption bands in the region (1700-15207 cm.), 
where bands characteristic of NHCONH grouping are known to occur (13), 
as found in urea, and related urea derivatives including the above mentioned 
substances (Fig. 1), are listed in Table I. The bands at 6.12 and 6.4 wu in 
di-p-tolyl urea, at 6.12 and 6.47 yw in the substance Co:H»2ON», and at 6.11 
and 6.41 uw in the substance CysH29ON? can clearly be ascribed to -NHCONH- 
grouping in all these compounds. The common band at 6.27 uw may also be 
due to the same grouping although weak bands in this region have been 
ascribed to phenyl group vibration (12, 13). The extra band in the substance 
(CysH2ON2, allyl-di-p-tolyl urea) at 6.21 uw is obviously due to —CH = CH» 
stretching (12, 13), a similar band being present in the infrared spectra of 
compounds containing allyl grouping (13, p. 110; 15). The absorptions in the 
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Fic. 1. Infrared spectra of (1) N,N’-di-p-tolyl urea; (2) CisH2ONe2, m.p., 200—-202°; 
(3) CoxH2ONe, m.p., 206-207°. The spectra were taken in a Perkin-Elmer double beam spec- 
trophotometer Model 21B, using nujol paste. 








Substance 


| S-diethyl- | S-dicyclo- | S-di-p-toly! 





| Urea | urea hexyl urea urea | CxH»ON» CisHooON:e 
= ae ACE EE Senin: meets $$} $$$ | —__— 

BL im | a a | cm. g ea BH | cm. u 
LR. | 5.92 | 6.18 | 1629 6.14| 1635 6.12 | 1635 6.12| 1637 6.11 
absorption 6.12 6.29 | 1575 6.35 | 1595 6.27 | 1595 6.27 1611 6.21 

6.21 | 1537 6.51 | 1563 6.4 | 1545 6.47 | 1595 6.27 

1560 6.41 

Reference (13, p. 169)/(13, p. 170) (7) 





most sensitive, ‘‘the finger print,” region (below 1350 cm.~'), which are mainly 
due to skeletal vibrations (8) (di- and tri-substituted benzene nuclei; see for 
example (12)), are not discussed here but would appear to support the assigned 
structures. 

The formation of the reaction products discussed above points collectively 
to the following mode of decomposition of, for example, the benzyl ether. The 
first step is the formation of the cations of the type V in the presence of acids. 
Whereas the fission of such cations derived from other alkyl pseudourea 
ethers (10) was bimolecular,* involving nucleophilic attack of an acid anion 

* 


Although no quantitative studies were made, increased rate of reaction was observed with 
increased concentration of the reactants. 
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on the alkyl group, the cation V itself is unstable and decomposes unimolecu- 
larly to form the colored benzyl cations.* 
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v 
a <> 
ae NHCONH \ pros + O =P — (OCH2C.Hs)s 
CH.2C.H; 
VI VIL etc. 








The latter on combination with the acid anions would form the benzyl 
ester, e.g. VII. Alternatively, they could attack the aromatic nuclei of di-p- 
tolyl urea to form VI. As the reaction was carried out in benzene, diphenyl- 
methane would also be expected to be formed.= Although traces of this sub- 
stance might have escaped detection it was not formed in any appreciable 
amount. This could be explained by assuming high reactivity of the aromatic 
nuclei of di-p-tolyl urea compared with the weakly nucleophilic benzene 
molecules. This, however, might also be regarded as evidence in favor of an 
intramolecular rearrangement{ of V, via a six-membered ring transition 
complex, to VI. Further work involving fission of V in the presence of a re- 
active substance (from the point of view of electrophilic attack by benzyl 
cations), for example, phenol, is necessary to decide finally in favor of one of 
the two possible mechanisms discussed above. 

It remains to comment on the point of attachment of the benzyl or ally! 
group to one of the benzene rings in the final compounds (e.g. VI). Intra- 
molecular cyclization as discussed above would of course form the ortho 
substituted (to the NHCO-—- grouping) ureas. If free benzyl and allyl cations 

* The intermediate formation of colored benzyl ions was postulated by Roberts and Ham- 
mett (14) in kinetic studies on benzyl halides and more recently (6) in some debenzylation reactions. 
The present work affords strong evidence for the formation of the colored cations. 

For reactions of organic cations and fission of benzyl ethers see Ref. 5 

t This mechanism was favored by Dr. Streitwieser of the Department of Chemistry, Uni- 

versity of California, Berkeley, during a seminar given by the author in the above department on 


“Chemistry of carbodiimides’’. We are indebted to Dr. Streitwieser and Dr. Noyce for a discussion 
on the work described here. 
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were formed, their attack on the aromatic nuclei of di-p-tolyl urea would also 
be expected to give the same (ortho-substituted) products. Although no direct 
studies on nucleophilic substitutions in such systems appear to have been 
made there is abundant evidence on orienting effects (supporting substitution 
ortho to the NH-COCH; group) in p-acyl toluidines (see for example Ref. | 
p. 244, and the references cited there). 
EXPERIMENTAL 

Preparation of N,N'-di-p-tolyl-O-benzyl Pseudourea Ether 

Sodium* (ca. 40 mgm.) was dissolved in anhydrous benzyl alcohol (2.4 cc., 
0.023 moles). Anhydrous dioxane (10 cc.) was added to the clear solution, 
followed by the addition of di-p-tolyl carbodiimide (4.44 gm.; 0.02 moles). 
The mixture which became warm was allowed to stand for 15 min., then 
diluted, largely with ether, and the ethereal solution extracted thrice with 
water. Removal of ether from the dried solution gave a viscous oil which soon 
crystallized. This product was recrystallized from petroleum ether (b.p. 30° 
60°) at 0° C. Yield of the first crop 5.35 gm., 81%; m.p. 84°-85°, no change on 
further crystallization. Mother liquor after concentration gave a second small 
crop of the same substance. For analysist a sample was recrystallized from 
petroleum ether (b.p. 30°-60°). Found: C, 79.64, 79.57; H, 6.77, 6.68; N, 
8.67%. CoxH2ONe requires C, 80.0; H, 6.7; N, 8.5%. 

N,N’-di-p-tolyl-O-allyl Pseudourea Ether 

Sodium (40 mgm.) was dissolved in anhydrous ally! alcoholf (10 cc.) and 
an ethereal solution (10 cc.) of di-p-tolyl carbodiimide (4.45 gm.; 0.02 moles) 
was added with exclusion of moisture. After 15 min., the O-allyl pseudourea 
ether was isolated as described for the O-benzyl compound. Thus obtained, 
it was a viscous oil (5.6 gm.; 97%) which distilled at 135°-140° (air bath 
temperature) at 2 mm. Found: C, 77.16; H, 7.1; N, 10.1%. CisHeON» 
requires C, 77.1; H, 7.2; N, 10.0% 

Fission of N,N'-di-p-tolyl-O-benzyl Pseudourea Ether in the Presence of Acids 

Using Dibenzyl Hydrogen Phosphate 

(a) Dibenzyl hydrogen phosphate (1.4 gm.; 0.005 moles) and N,N’-di-p- 
tolyl-O-benzyl pseudourea ether (1.65 gm.; 0.005 mole) were dissolved in 
benzene (15 cc.). The solution, practically colorless at first, developed on 
heating vellow, orange, and finally orange red color. On being refluxed for 
15 min., the solution lost color and a white precipitate separated. 

After being kept overnight the mixture was filtered and the precipitate 
washed twice with small amounts of benzene. Yield 0.75 gm., melting point 
unsharp, 195°-200° with previous shrinkage (m.p. of pure di-p-tolyl urea, 
265°). The combined filtrate and the washings were extracted thrice with 
sodium bicarbonate solution. The bicarbonate extracts were acidified with 

* As observed earlier (10) sodium could not be replaced by triethylamine as a catalyst in 
this reaction. 
t+ Analyses were carried out by Mr. W. Manser of Zurich, Switzerland. 


~ Allyl alcohol was refluxed over calcium oxide and distilled. It was then refluxed in presence 
of sodium and diallylphthalate and distilled. 
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hydrochloric acid and extracted exhaustively with ether. The dried ethereal 
extracts afforded, on evaporation and prolonged suction, 0.71 gm. of dibenzyl 
hydrogen phosphate (m.p. and mixed m.p. 79°-80°). The benzene solu- 
tion was dried over anhydrous sodium sulphate and evaporated to a sirup, 
which was dissolved in a few cubic centimeters of 95% ethyl alcohol. The 
solid which separated was removed (0.202 gm.;m.p. after recrystallization from 
alcohol, 195°-205°). The mother liquor was concentrated to an oil which was 
extracted repeatedly with hot petroleum ether (b.p. 30°-60°). The extracts 
deposited first an oil and then on prolonged standing clusters of fine needles. 
These were collected and washed with chilled ether — petroleum ether mixture, 
m.p. 64°-65°, which is identical with that reported for tribenzyl, phosphate* 
(p. 260 in Ref. 11). 


(b) At Room Temperature 

A solution of the O-benzy] ether (3.3 gm.; 0.01 mole) and dibenzyl hydrogen 
phosphate (2.78 gm.; 0.01 mole) in 30 cc. of benzene was kept at room tempera- 
ture. The color changes (orange — orange red — orange — light yellow) were 
slower. After approximately two hours the color began to lighten and a solid 
separated. The practically colorless solution was worked up after three hours 
as described under (a) above. Yield of dibenzyl hydrogen phosphate recovered 
1.12 gm. (40%). The insoluble solid material (1.84 gm.) collected in two crops 
from the benzene solution had an unsharp melting point, 190° to 220°. Frac- 
tional crystallization from ethyl alcohol gave a sample melting at 235°—240°. 


(c) Isolation of the ‘‘Rearrangement Product’? Using p-Toluene Sulphonic 
Acid in High Dilution 

To a boiling anhydrous benzene solutiont (120 cc.) of p-toluene sulphonic 
acid (0.95 gm.; 5 mM.) was added with agitation a benzene solution (10 cc.) 
of the benzyl ether (1.65 gm.; 5 mM.). A very transient orange color developed 
immediately. The final (after 10 min.) colorless benzene solution was concen- 
trated to ca. 30 cc. and kept at room temperature for 40 hr. The crystalline 
deposit (0.5 gm.; m.p. 230°-250°) was removed and the mother liquor was 
concentrated to an oil which was dissolved in alcohol (5 cc.). The solid which 
separated was collected and washed with a fresh portion of alcohol. After 
recrystallization from aqueous ethyl alcohol (90%) the material (380 mgm.) 
had a melting point of 205—-206°. Further recrystallization from alcohol with- 
out appreciable loss gave a sample with constant melting point 206°—207°. 
Found on a twice crystallized sample, C, 79.8; H, 6.8; N, 8.4: CoxH»ON,. 
requires C, 80.0; H, 6.7; N, 8.5%. 


(d) Attempted Degradation Using Catalytic Amounts of Dibenzyl Hydrogen 
Phosphate 

A benzene solution (10 cc.) of the O-benzyl pseudourea ether (1.65 gm.; 

5 mM.) and dibenzyl hydrogen phosphate (0.14 gm.; 0.56 mM.) was brought 

to the boiling point; at this temperature it developed a persistent vellow color 


* Dr. R. H. Hall (private communication) confirmed this melting point of the substance. 
t+ Prepared by aseotropic removal of water. 
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and deposited a solid after approximately fifteen minutes. After being refluxed 
for eight and one-half hours the yellow reaction mixture was allowed to stand 
at room temperature overnight. The collected precipitate (244 mgm.) had 
a melting point of 190°-200°. The light yellow mother liquor was evaporated 
and the residual oil taken up in 15 cc. of ethyl alcohol. On the addition of a 
few drops of water, an oil separated which soon crystallized; the melting 
point of the crystals was 82°-83°, undepressed on admixture with the O-benzyl 
pseudourea ether. Recovery, 0.85 gm. (51%). 
Stabtlity of N,N'-d1-p-tolyl-O-benzyl Pseudourea Ether to Heat 

The ether (0.2 gm.) was heated in an oil bath at 160° for 15 min. when the 
colorless melt developed light yellow color. After being allowed to cool to 
room temperature, the solid was crystallized from ethyl alcohol. Melting 
point 85°, undepressed on admixture with the starting material. 


Isolation of the ‘Rearrangement Product’ of N,N’-d1-p-tolyl-O-allyl Pseudourea 

Ether 

A hot benzene solution (5 cc.) of the O-allyl ether (14 gm.; 5 mM.) was 
added to an anhydrous benzene solution (150 cc.) of p-toluene sulphonic acid 
(0:95 gm.; 5 mM.). The solid (0.65 gm.; mostly di-p-tolyl urea), which sepa- 
rated on concentration of the benzene solution to approximately 50 cc., was 
removed and the clear filtrate was evaporated im vacuo to an oil. A solution 
of the residual oil in ethyl alcohol (8 cc.) containing a small amount of water 
gave, on standing, a crop of crystals (0.25 gm.; m.p. 230°—240° after shrinkage 
at 195°). Fractional crystallization from ethyl alcohol gave a crop (100 mgm.) 
with m.p. 195°-198°. One more crystallization of this material from 90% 
ethyl alcohol gave rosettes of fine needles, m.p. 200°-202°. Found: C, 77.1; 
H, 7.2; N, 10.1%; CisH2vONe requires C, 77.1; H, 7.2; N, 10.0%. 
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ANNOTININE: THE REACTIONS OF THE CYCLIC 
ETHER FUNCTION! 


By H. L. Merer?, P. D. MEISTER?, AND LEO MARION 


ABSTRACT 


Treatment of annotinine chlorohydrin with chromous chloride has been found 
to produce not only the already reported unsaturated lactone A (CisH210.N), 
but also a second unsaturated lactone B (CisHe1(23)02N), and a hydroxylactone 
(CisH230;N). Under the action of a concentrated solution of the same reagent 
the hydroxylactone is converted to the unsaturated lactone B. On hydrogenation 
the latter gives a dihydrolactone B which seems to contain a secondary amino 
group. Annotinine hydrate o. treatment with thionyl chloride gives an un- 
saturated chlorolactone (CigsH20O2.NCI) which can be hydrogenated and subse- 
quently dechlorinated to produce a third lactone C, different from either of 
dihydrolactones A or B, but which like the latter seems to contain an imino group. 
Oxidation of annotinine hydrate with chromic acid produces a hydroxyketone 
which can be converted into an oxime and, therefore, one of the hydroxyls of the 
hydrate is secondary while the other is probably tertiary. On the other hand, 
oxidation of annotinine with potassium permanganate gives rise to a lactam 
which by the Clemmensen reduction is converted to a mixture of lactam chloro- 
hydrin and dihydrolactone A. 


In a previous study (5) it has been shown that the three oxygens of an- 
notinine (CygH203;N), the major alkaloid of Lycopodium annotinum L. (4), 
are present in a lactone structure and in a cyclic ether. Further support for 
the presence of a lactone has also been found in the occurrence of a strong 
absorption peak at 1776 cm.~! in the infrared spectrum of the alkaloid (6), 
and the position of this peak is characteristic of five-membered lactones. The 
cyclic ether is cleaved by halogen acids to form halohydrins, and also by the 
action of alcoholic potassium hydroxide to give annotinine hydrate (CigH2;04N ) 
(5). Since annotinine could not be hydrogenated catalytically and annotinine 
had been found to be inert towards periodic acid, the ether oxygen was assumed 
to be part of a five- or six-membered ring (5). Recently MacLean and Prime (3) 
suggested that the ether was an epoxide notwithstanding the failure of an- 
notinine hydrate (which would then be a 1: 2 diol) to react with periodic acid. 
They also pointed out that the product of the oxidation of annotinine with 
potassium permanganate was not a base, as mentioned by Manske and 
Marion (5), but a neutral lactam, and because of the influence of the lactamic 
carbonyl on the ether, assigned to this carbonyl a position between the nitrogen 
and the ether ring. The present study was undertaken to gain further insight 
into the nature of the functional groups of annotinine. In the course of this 
work most of the degradation reactions described so far have been reinvesti- 
gated. 

The product of the oxidation of annotinine with potassium permanganate 
contained two hydrogens less and one oxygen more than the base itself. It 
was neutral and its infrared absorption spectrum contained besides the usual 

1 Manuscript received December 9, 1958. 
Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, 
Canada. Issued as N.R.C. No. 3179. 
2 National Research Council of Canada Postdoctorate Fellow (1950-53). 


3 National Research Council of Canada Postdoctorate Fellow (1949-50). Present address: 
Research Laboratories, The Upjohn Company, Kalamazoo, Michigan. 
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lactone band (1768 cm.~') a new strong peak at 1640 cm.~! which is character- 
istic of a —CO.N< group present in a six-membered ring. Hence, as already 
observed by MacLean and Prime (3) the oxidation product is not a base (5) 
but a lactam, and it follows that annotinine must contain a methylene group 
next to the nitrogen. The further observation of MacLean and Prime (3) that 
boiling hydrochloric acid converted annotinine lactam into a lactam chloro- 
hydrin (CisH29O,NCl1) arising from the cleavage of this cyclic ether has also 
been confirmed. The infrared spectrum of this chlorohydrin contained, besides 
the absorption bands attributable to the lactone carbonyl (1760 cm.~!) and 
the lactam carbonyl (1624 cm.~!), a sharp peak at 3330 cm.~! indicative of 
the presence of a hydroxyl group. This lactam chlorohydrin could also be 
obtained, although in small yield only, by the oxidation of annotinine chloro- 
hydrin. 

It has been reported previously that the Clemmensen reduction of annotinine 
lactam gives rise to a base CysH2;02N, also obtainable via a different route (5). 
This work has been repeated and the formation of the base (dihydrolactone A) 
confirmed although a second product was also found which was identical with 
the lactam chlorohydrin described above. Dihydrolactone A no longer con- 
tained the ether oxygen nor the lactam carbonyl which had been reduced 
back to a methylene, although it still contained the lactone ring (its character- 
istic absorption in the infrared was in the usual position). The formation of 
the chlorohydrin is to be expected, but the reduction of the amide group under 
these conditions can be understood only if a strong activation of the lactam 
carbonyl by the close proximity of one of the other functional groups is 
assumed. In contrast, as already reported (5) annotinine when kept for two 
hours under the conditions of the Clemmensen reduction was only affected 
by the hydrochloric acid and converted to a chlorohydrin. It has now been 
found that only if the reaction was prolonged for 10 hours did it go further 
and give rise to unsaturated lactone A and hydroxylactone (see Fig. 1). 
Hence, as well as the lactam carbonyl having an increased reactivity, as 
shown by the results of the Clemmensen reduction, it also enhances the re- 
activity of the cyclic ether. 

Annotinine chlorohydrin is known to react with chromous chloride to 
produce an unsaturated lactone (5). On reinvestigation this reaction proved 
to be more complex. The reaction did not only produce the lactone already 
reported (now designated unsaturated lactone A), but depending particularly 
on the solvent used and also on the concentration of hydrochloric acid, various 
other compounds as well. Treatment of annotinine chlorohydrin hydrochloride 
with an alcoholic solution of chromous chloride and hydrochloric acid yielded 
a mixture of products which by chromatography was separated into the un- 
saturated lactone A, CysH2O.N, m.p. 132°, amounting to about two-thirds of 
the product, and a hydroxylactone, CisH2;0;N, m.p. 174° (about one-third). 
But when annotinine chlorohydrin was treated with an aqueous solution of 
chromous chloride and hydrochloric acid the product consisted of hydro- 
xylactone (34.6%), unsaturated lactone A (33.2%), and an unsaturated 
lactone B (3.8%) apparently isomeric with A but possibly containing two 
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more hydrogens. There was also left an uncrystallized residue still to be 
examined. The hydroxylactone is the compound that one would expect to 
obtain from the action of a dehalogenating agent such as chromous chloride 
on annotinine chlorohydrin. The formation of unsaturated lactone B can be 
considered as a secondary reaction. This view seemed justified since the hydro- 
xylactone on treatment with a dilute aqueous acid solution ‘of chromous 
chloride remained unchanged whereas on refluxing in a more concentrated 
solution of the reagent it was transformed into the unsaturated lactone B in 
good yield. None of the unsaturated lactone A was obtained from the hydro- 
xylactone and it can be concluded that unsaturated lactone A must have 
arisen from the chlorohydrin directly by a different mechanism of dehalo- 
genation and dehydration. 

With the idea of gaining more information on this point many attempts 
were made to dehydrate annotinine chlorohydrin and also to obtain the 
hydroxylactone directly from it by catalytic removal of chlorine, but all 
proved fruitless. Negative results were also obtained in the attempted catalytic 
hydrogenation of the corresponding bromohydrin and iodohydrin. In contrast, 
MacLean and Prime (3) have reported that lactam chlorohydrin is converted 
by catalytic hydrogenation over Adams’ catalyst to a hydroxy compound 
CisH2O4N and to a compound CysH2,0;N. The latter is reduced in small yield 
by the Clemmensen reaction to the dihydrolactone A (3) and is probably 
the corresponding lactam. In this product the ether is no longer present and 
has been replaced by hydrogen, but the lactamic carbony] is still affected by 
the proximity of an activating group since it is still reduced, albeit in poor 




















MEIER ET AL.: ANNOTININE 271 


yield, in the Clemmensen reaction. The only activating group left in this 
compound is the lactone. 

The hydroxyl group in annotinine chlorohydrin and in the hydroxylactone 
were then studied. Both resisted oxidation with chromic acid; neither gave 
an acetyl derivative. Thionyl chloride did not react with the chlorohydrin 
even under drastic conditions, nor did phosphorus halides although treatment 
with phosphorus pentachloride resinified some of the starting material. 
Boiling thionyl chloride converted the hydroxylactone into an intractable 
product. When, however, the hydroxylactone was left in contact with thionyl 
chloride at room temperature for a few minutes only, and care was taken to 
avoid heat in working up the mixture, a yellow oil was obtained which after 
chromatography on alumina was colorless. The Beilstein test showed that it 
contained chlorine. It decomposed if dissolved in any solvent or on heating. 
On treatment with a dilute solution of chromous chloride (which would not 
have affected the hydroxylactone) it gave rise to the unsaturated lactone B. 
The presence of the chlorine in the chlorohydrin therefore appears to stabilize 
the hydroxy! group. Unsaturated lactone B proved to be quite different from 
unsaturated lactone A. Whereas on catalytic hydrogenation the latter yielded 
a dihydro derivative having the expected properties, the former gave a product, 
dihydrolactone B, the infrared absorption spectrum of which contained a 
sharp absorption band at 3325 cm.~! in the NH region. The presence of an 
imino group, however, has not yet been confirmed chemically. 

A survey of the infrared absorption spectra of annotinine and its derivatives 
shows that in some of them the absorption band of the lactone carbony] is 
slightly shifted towards lower frequencies. This shift is particularly noticeable 
in the spectra of unsaturated lactone B, of its hydrogenation product, and of 
annotinine chlorohydrin. This could be attributed to a structural change near 
the lactone carbonyl, or to a possible relactonization with a different hydroxyl 
group than the original. The fact that these three compounds are prepared 
under acid conditions that are not likely to cause hydrolysis of the lactone 
seems to favor the first of these alternatives. To gain information on this 
point annotinine hydrate was prepared again and reinvestigated. This hydrate 
is the product of the action on annotinine of alcoholic potash which also 
hydrolyzes the lactone ring. Hence the chances of relactonization with one 
of the new hydroxyls arising from the hydrolytic cleavage of the cyclic ether 
seemed considerable. The reaction yielded only one product and the infrared 
absorption spectrum of the pure annotinine hydrate contained the lactone 
carbonyl band in the same position that it occupied in the spectrum of an- 
notinine. It is difficult to draw a definite conclusion from this result, since, 
should relactonization have occurred exclusively with a different hydroxyl 
with formation again of a five-membered lactone, the carbonyl frequency in 
the infrared would probably have remained unchanged. 

Annotinine hydrate was converted by chromic acid oxidation into a new 
compound CsH20,N. The infrared absorption spectrum of this product 
contained besides the usual lactone carbonyl! absorption band at 1779 cm.—'a 
band at 1714 cm.~! indicating a new carbonyl group and a peak at 3390 cm.~! 
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in the hydroxyl region. The product was therefore a hydroxyketone and 
showed that of the two hydroxyls in annotinine hydrate one was certainly 
secondary and the second probably tertiary. The presence of the keto group 
in this product was confirmed by the preparation of an oxime. Attempts to 
reconvert the new carbonyl! function to a secondary alcohol by hydrogenation 
over a platinum catalyst failed. 

Annotinine hydrate reacted with phosphorus halides to give unidentifiable 
resins, but by the action of thionyl chloride at room temperature it was con- 
verted into an unsaturated chlorolactone, C,;gsH2O2NCl, in which one of the 
hydroxyls had been replaced by chlorine while the other had been eliminated 
with formation of a double bond. .This chlorolactone took up one mole of 
hydrogen when reduced catalytically and produced a dihydrochlorolactone 
which on treatment with chromous chloride was converted to a dihydro- 
lactone C which like dihydrolactone B has an infrared absorption spectrum 
containing an absorption band at 3355 cm.~! indicative of an imino group. 

The hydrogenolysis of chlorine and the hydroxyl in the catalytic hydro- 
genation of the lactam chlorohydrin described by MacLean and Prime (3) is 
the main evidence for the presence of an epoxide next to a —CH.-N< group 
in annotinine. The failure of annotinine hydrate to undergo oxidation with 
periodic acid militates against such a structure although, admittedly, a few 
a-glycols are known to be inert towards this reagent (1,2,7). The other re- 
actions described above could possibly be accommodated by an epoxide, 
although the impossibility so far of reforming the epoxide from the chloro- 
hydrin except in the lactam would be difficult to account for. It is probable 
that the reactions described could also be accommodated by a 1,3-oxide. 
The cleavage of the ether by lithium aluminum hydride (see following paper) 
seems to preclude a 1,4- or 1,5-oxide in a completely saturated molecule. The 
present state of our knowledge does not make it possible yet to state definitely 
what type of cyclic ether is present in the base. 

EXPERIMENTAL 

All melting points are corrected. All solvents were purified before use. The 
aluminum oxide (Merck) used for chromatographic separations was washed 
with hot dilute hydrochloric acid, then with distilled water (at least fifteen 
times). It was then dried, activated to grade O, and subsequently deactivated 
to grades I, II, III, and IV according to the Brockmann scale. If not otherwise 
stated the column was made up in benzene; its length was 8-10 times its 
diameter. Usually the weight of aluminum oxide employed was 30 times that 
of the substance. The substance was repeatedly taken up in benzene and the 
solvent evaporated to remove the last traces of other solvents before the final 
concentrated solution was brought on to the column. The fractions drawn 
were of 50 ml. and the solvent was removed by distillation under reduced 


pressure. 
Most of the derivatives obtained could be sublimed and this operation was 


carried out in vacuo (10-4 mm. Hg) in glass tubes mounted in an electrically 
heated block at.a temperature of 20—30° below the melting point of each sample. 
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When not otherwise specified the infrared absorption measurements were 
made on nujol mulls with a Perkin—Elmer double beam instrument, model 21, 
with a sodium chloride prism. The other measurements were made on a 
Perkin-Elmer single beam instrument, model 12B, using a chloroform solution 
and a calcium fluoride prism. The frequencies, given in wave numbers, are 
followed by a number in brackets indicating the percentage absorption. 


Annotinine Lactam 

As described previously (5) annotinine (1 gm.) was oxidized in aqueous 
solution with potassium permanganate. The product (380 mgm., m.p. 234°) 
was neutral and showed in its infrared spectrum a band at 1768 cm.~! (85) 
characteristic of the lactone carbonyl and a new band at 1640 cm.~! (91) 
attributable to a lactam carbonyl. In admixture with the product previously 
obtained (CigHigO4,N) (5) the melting point was unchanged. 
Action of Hydrochloric Acid on Annotinine Lactam (Chlorohydrin Lactam) 

Annotinine lactam (100 mgm.) was heated on the steam bath for two hours 
with 1: 1 hydrochloric acid (10 ml.). The cooled solution was extracted with 
chloroform and the extract on evaporation left a crystalline residue which 
could be recrystallized from methanol, 103 mgm., m.p. 295°. The sample was 
sublimed for analysis. Calc. for CigHooO,NCl: C, 58.98; H, 6.19; N, 4.30; 
Cl, 10.88. Found: C, 58.84; H, 6.32; N, 4.19; Cl, 10.51%. The infrared ab- 
sorption spectrum showed a strong band (3330 cm.~! (86)) in the OH region 
and bands at 1760 cm.~! (92) and 1624 cm.~! (98) indicative of the lactone 
and lactam carbonyls, respectively. 
Clemmensen Reduction of Annotinine Lactam 

Annotinine lactam (200 mgm.) was refluxed for six hours with an excess of 
amalgamated zinc in 30 ml. of 10% hydrochloric acid. The compound dis- 
solved fairly quickly. The cooled acidic solution was extracted with chloro- 
form, and the extract on evaporation left a crystalline residue (65 mgm.) 
which after recrystallization from methanol melted at 295° either alone or in 
admixture with annotinine chlorohydrin lactam. The acidic aqueous liquor 
was then alkalized with ammonia and extracted with chloroform. On evapo- 
ration the extract yielded 110 mgm. of a compound that crystallized slowly. 
It was partly soluble in benzene. On chromatographic purification it yielded 
66 mgm. of a compound eluted with benzene which crystallized when seeded 
with saturated lactone A (see below). After recrystallization from heptane it 
melted at 108-110° either alone or in admixture with saturated lactone A. 
Both compounds had superimposable infrared absorption spectra, with a 
strong carbonyl band at 1768 cm.~! (84). 


Annotinine Hydrate 

Annotinine (1 gm.) was dissolved in absolute ethanol (30 ml.) and potassium 
hydroxide (1 gm.) was added to the solution. The resulting solution was re- 
fluxed for three hours on the steam bath, water was added, and the liquor 
evaporated to half volume. Water was again added up to the original volume 
and the solution again evaporated. This was repeated until the last traces had 
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been removed. The cooled solution was acidified with sulphuric acid, heated 
for one hour on the steam bath, and left overnight at room temperature. The 
solution was cooled, alkalized with ammonia, and extracted with chloroform. 
Evaporation of the extract yielded 400 mgm. of a crystalline residue which 
was chromatographed on alumina No. III and eluted with acetone. Annotinine 
hydrate thus purified melted at 228°. Its infrared spectrum in a mull showed 
only one OH absorption peak (3500 cm.~!) (73) and a carbonyl band at 
1762 cm.~! (91), whereas in chloroform solution two peaks were present in 
the OH region, a sharp one (3625cm.~') and a broad bonded one (3465 cm.) 
besides the carbonyl absorption. It contained two active hydrogens. Repeated 
relactonization did not improve the yield. 


Unsaturated Chlorolactone 

Annotinine hydrate (200 mgm.) was dissolved in benzene (30 ml.) and 
thionyl chloride (5 ml.) added to the solution which was kept overnight at 
room temperature. The reaction mixture was then gently heated (70°) for 
five minutes and the solvent and excess thionyl chloride removed under 
reduced pressure. Ammonia was added to the residue and the mixture extracted 
with chloroform. The extract on evaporation yielded a slightly yellow oily 
residue which crystallized slowly. Colorless needles, m.p. 136°. A sample was 
sublimed for analysis. Calc. for CigHooOQ.NCl: C, 65.45; H, 6.85. Found: 
C, 65.37; H, 6.99%. The infrared absorption spectrum of unsaturated chloro- 
lactone showed no absorption in the hydroxyl region, but contained an ab- 
sorption band at 1758 cm.~! (91) due to the lactone function. 


Dihydro Chlorolactone 


Unsaturated chlorolactone (160 mgm.) dissolved in absolute ethanol (3 ml.) 
was added to a suspension of pre-reduced Adams’ catalyst in glacial acetic 
acid and shaken in an atmosphere of hydrogen for 12 hours, during which 
1.1 moles of hydrogen was absorbed. The catalyst was filtered off and the 
filtrate evaporated to dryness. The residue was shaken with chloroform and 
ammonium hydroxide. The chloroform solution was separated and evaporated 
to dryness. A yellow oil remained which was dissolved in benzene and chro- 
matographed on alumina (No. II-III). The colorless benzene eluates on 
concentration crystallized readily. The product when recrystallized from low- 
boiling petroleum ether consisted of long needles, m.p. 146-147°, wt. 195 mgm. 
A sample was sublimed for analysis. Calc. for CigH20O2NCl: C, 64.96; H, 7.49; 
N, 4.73; Cl, 11.98. Found: C, 65.05; H, 7.39; N, 4.61; Cl, 11.21%. The in- 
frared absorption spectrum showed the absorption band at 1756 cm.~! (92) 
of the lactone carbonyl. 


Action of Chromous Chloride on the Dihydro Chlorolactone 


Dihydro chlorolactone (100 mgm.) was refluxed for two hours with a 
solution of chromous chloride made from chromic chloride hexahydrate (5 gm.), 
concentrated hydrochloric acid (5 ml.), water (40 ml.), and amalgamated 
zinc (5 gm.). The cooled solution was alkalized with ammonium hydroxide 
and extracted with ether. The extract on evaporation yielded a colorless oil 
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which was dissolved in benzene and chromatographed on alumina (No. II-III). 
The benzene eluates, when concentrated, crystallized spontaneously and the 
product (dihydro lactone C) after recrystallization from low boiling petroleum 
ether melted at 119-120°. A sample was sublimed for analysis. Calc. for 
CisH2:;02N : C, 73.53; H, 8.87; N, 5.36. Found: C, 73.81; H, 8.94; N, 5.46%. 
The infrared absorption spectrum of saturated lactone C contained an ab- 
sorption band at 1772 cm.~! (89) indicative of the lactone carbonyl and a 
band at 3355 cm.~! (29) which may indicate an imino group. 
Oxidation of Annotinine Hydrate 

Annotinine hydrate (875 mgm.) was dissolved in glacial acetic acid (10 ml.) 
and to this solution chromic oxide (200 mgm.) dissolved in glacial acetic acid 
(5 ml.) was added dropwise. With each drop of the oxidizing agent a green- 
brown complex was formed which was allowed to dissolve before the addition 
was continued. The temperature throughout was kept at 10°. After the oxi- 
dizing agent had all been added the mixture was allowed to stand at room 
temperature for six hours. A few drops of ethanol were added to the green 
solution to destroy the excess chromic acid and the solution evaporated to 
dryness under diminished pressure. The residue was shaken with chloroform 
and dilute ammonium hydroxide, the chloroform layer separated, dried, and 
evaporated to dryness under reduced pressure. Thé residue crystallized for 
the bigger part. A little benzene (4 ml.) was added which dissolved hardly 
any of the crystals. It was decanted and chromatographed on alumina 
(No. III). The benzene eluates did not contain any material but two combined 
fractions of the benzene—ether (10: 1) eluates gave 135 mgm. of a crystalline 
compound identical with the above crystalline product.. Recrystallized from 
ether, it melted at 159-160°. Calc. for CigH2104N: C, 65.96; H, 7.27; N, 4.81; 
one act. H, 0.35. Found: C, 66.16; H, 7.11; N, 4.81; act. H, 0.42%. The in- 
frared spectrum of this hydroxyketone contained one absorption band at 
3390 cm.~! (57) in the hydroxyl region, one at 1768 cm.~! (88) attributable 
to the lactone carbonyl and one at 1712 cm.~! (85) due to the newly introduced 
keto group. 


Hydroxyketone Monoxime 


€ 


A mixture of hydroxvketone (125 mgm.) dissolved in absolute ethanol 
(5 ml.), hydroxylamine hydrochloride (70 mgm.), and anhydrous sodium 
acetate (90 mgm.) was refluxed for four hours. The solvent was evaporated 
in vacuo and the residue dissolved in water and extracted with chloroform. 
The dried extract was evaporated to dryness. It left a crystalline residue, 
wt. 104 mgm., which after recrystallization from methanol-ether melted at 
260-262°. A sample for analysis was dried for 24 hr. at 90° at 10-* mm. Calc. 
for CigH204Ne: C, 62.72; H, 7.24; N, 9.15. Found: C, 62.90; H, 7.02; N, 9.25%. 
Action of Chromous Chloride on Chlorohydrin 

In a previous publication (5) no details concerning the concentration of 
hydrochloric acid or chromous chloride used in this reaction were given. The 
reaction has therefore been reinvestigated. 
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(a) In Alcoholic Solution 


Chlorohydrin hydrochloride (5.5 gm.) prepared as previously described (5) 
was refluxed for four hours with an alcoholic solution of chromous chloride 
prepared from chromic chloride hexahydrate (40 gm.), absolute ethanol 
(200 ml.), concentrated hydrochloric acid (50 ml.) reduced under nitrogen 
with metallic zinc (30 gm.). After cooling, the solution was alkalized with 
ammonium hydroxide and extracted with ether. The extract on evaporation 
vielded a crystalline residue (4.04 gm.) which after recrystallization from 
ethanol-ether consisted of colorless needles, m.p. 174°, and on admixture 
with the starting material, m.p. 140-150°. Calc. for CigH2;0;N: C, 69.28; 
H, 8.36; N, 5.05; one act. H: 0.386. Found: C, 69.33, 69.41; H, 8.60, 8.30; 
N, 5.29%, act. H, 0.63%. The infrared absorption spectrum of this hydroxy- 
lactone contained a broad band (3100 cm.~') (60) in the hydroxyl region and 
the usual band (1767 cm.~') (89) attributable to the lactone carbonyl. 

Chlorohydrin (1.15 gm.) was refluxed for four hours with an alcoholic 
solution of chromous chloride prepared from chromic chloride hexahydrate 
(10 gm.), absolute ethanol (50 ml.), concentrated hydrochloric acid (10 ml.), 
and zinc (10 gm.). Most of the ethanol was then removed under reduced 
pressure and the chilled residual solution alkalized with ammonium hydroxide 
and extracted with ether. On evaporation of the solvent the extract left 
980 mgm. of a light vellow oil which partly crystallized on standing. The 
product was dissolved in a few milliliters of benzene and chromatographed 
on alumina. The benzene eluates yielded 360 mgm. of a crystalline substance, 
m.p. 128-130°, the ether eluates, 180 mgm. of a second crystalline product, 
m.p. 172—174°, consisting of hydroxylactone which after recrystallization 
from ether or heptane melted at 174°, while the ether—methanol eluates yielded 
410 mgm. of an oil that did not crystallize. A second chromatographic purifi- 
cation of this last fraction gave an additional 40 mgm. of hydroxylactone, 
m.p. 174°, but the remainder remained oily. 

The first fraction (benzene eluates) was recrystallized from heptane from 
which it separated as colorless aggregates, m.p. 130-132°, identical with the 
unsaturated lactone previously reported (5) and now designated unsaturated 
lactone A. If kept overnight in the solvent, the surface of the crystals turned 
yellow. It was even more sensitive in ether solution. On each recrystallization 
a considerable quantity of material remained in solution. Its infrared ab- 
sorption spectrum contained a strong peak at 1762 (84). 


(b) In Aqueous Solution 


Chlorohydrin hydrochloride (1.3 gm.) was refluxed under nitrogen for 
three hours with an aqueous solution of chromous chloride prepared from 
chromic chloride hexahydrate (8 gm.), amalgamated zinc (4 gm.), and concen- 
trated hydrochloric acid (5 ml.) diluted with water (50 ml.). After cooling, 
the solution was diluted to 150 ml. with water, alkalized with ammonium 
hydroxide, and extracted with ether. The extract on evaporation left a color- 
less oil (1.1 gm.) which crystallized from absolute ether (5 ml.) as long needles, 
m.p. 174° either alone or in admixture with hydroxylactone, wt. 380 mgm. 
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The mother liquor was evaporated to dryness, the residue dissolved in a few 
milliliters of benzene and chromatographed on alumina (No. III). The first 
two benzene eluates when combined and concentrated yielded 365 mgm. of 
a crystalline substance, m.p. 128-130°, which on recrystallization from heptane 
melted at 132° either alone or in admixture with unsaturated lactone A. The 
subsequent benzene eluates gave 42 mgm. and 18 mgm. of a new crystalline 
product, m.p. 130°. Recrystallization from heptane increased this melting 
point to 135°. Admixture with unsaturated lactone A produced a melting 
point depression of 35°. Calc. for CigH2OoN: C, 74.10; H, 8.16; N, 5.40. 
Calc. for CigH2;02N: C, 73.53; H, 8.87; N, 5.36. Found: C, 73.97; H, 8.36; 
N, 5.81%. This product will be designated unsaturated lactone B. Its infrared 
absorption spectrum showed a strong peak at 1752 cm.~' (86) due to the 
lactone carbonyl. Further elution of the chromatogram with ethylene di- 
chloride yielded other compounds that have not yet been characterized. 


e 
Reaction of Thionyl Chloride with Hydroxylactone 

Hydroxylactone (200 mgm.) was treated with thionyl chloride (5 ml.) in 
the cold. After 30 min. the solution turned yellow and the excess thionyl 
chloride was removed under reduced pressure. The residue was shaken with 
chloroform and ammonium hydroxide. The chloroform extract was separated 
and evaporated under reduced pressure at a temperature below 40°. An oily 
residue remained that did not crystallize from any of a number of solvents. 
The oil was dissolved in benzene and chromatographed on alumina (No. II- 
II11). The benzene eluates did not contain any substance, but benzene—ether 
(10: 1) eluted a substance which after evaporation of the solvent (below 40°) 
consisted of a colorless oil, 185 mgm. This oil could not be induced to crystallize 
and when heated on the steam bath was altered immediately and afterwards 
no longer dissolved readily in benzene. When, however, the colorless oil was 
refluxed for three hours with an aqueous solution of chromous chloride prepared 
from chromic chloride hexahydrate (10 gm.), concentrated hydrochloric acid 
(10 ml.), amalgamated zinc (5 gm.), and water (30 ml.) and the cooled solution 
alkalized with ammonium hydroxide and extracted with ether, the extract 
yielded a crystalline residue. This, when recrystallized from heptane, melted 
at 134—135° either alone or in admixture with unsaturated lactone B. 


Action of Chromous Chloride on Hydroxylactone 

Hydroxylactone (100 mgm.) was refluxed for three hours with an aqueous 
solution of chromous chloride prepared from chromic chloride hexahydrate 
(5 gm.), concentrated hydrochloric acid (5 ml.), and amalgamated zinc (5 gm.). 
The cooled mixture was diluted with water (50 ml.), alkalized with ammonium 
hydroxide, and extracted with ether. The extract on evaporation left a crystal- 
line residue, wt. 65 mgm., which after recrystallization from heptane melted 
at 134-135° either alone or in admixture with unsaturated lactone B. 


Oxidation of Annotinine Chlorohydrin 


Annotinine chlorohydrin (600 mgm.) was dissolved in acetone (30 ml.) and 
finely powdered potassium permanganate added gradually under constant 
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stirring until the pink color persisted. The manganese dioxide was filtered off, 
washed with acetone, and the combined filtrate and washings evaporated to 
dryness. The residue was dissolved in chloroform and the solution shaken 
with dilute hydrochloric acid. The chloroform layer was separated, washed 
with water, dried, and evaporated. There was left a white crystalline com- 
pound, wt. 290°, which after recrystallization from methanol melted at 295° 
either alone or in admixture with the chlorohydrin lactam obtained by the 
action of hydrochloric acid on annotinine lactam. 

The acidic aqueous layer obtained above was alkalized with ammonium 
hydroxide and extracted with chloroform. The extract yielded 45 mgm. of an 
oil which was not further investigated. 

An attempt to oxidize annotinine chlorohydrin with chromic acid in acetic 
acid failed and yielded practically quantitatively the unchanged chlorohydrin. 


Dihydro Lactone A 


A pure recrystallized sample of unsaturated lactone A (175 mgm.) was 
dissolved in absolute ethanol (5 ml.) and shaken in the presence of hydrogen 
over pre-reduced Adams’ catalyst. The hydrogenation was completed in 
40 min. when one mole of hydrogen had been absorbed. The catalyst was re- 
moved by filtration and the filtrate evaporated to dryness. A colorless crystal- 
line residue was left which after recrystallization from heptane melted at 110°. 
Calc. for C4gHO.N: C, 73.53; H, 8.87: N, 5.36. Found: C, 73.61: H, 8.74: 
N, 5.388%. The infrared absorption spectrum of saturated lactone A contained 
a strong band at 1768 cm.~' (84) atrributable to the lactone carbonyl, but 
contained no absorption in the OH—NH region. 


Dihydro Lactone B 


Unsaturated lactone B (120 mgm.) was dissolved in ethanol (5 ml.) and 
shaken over Adams’ catalyst in an atmosphere of hydrogen. The reduction 
was complete in 40 min. in the course of which one molecular equivalent of 
hydrogen was absorbed. The catalyst was filtered off and the filtrate evapo- 
rated to dryness. The residue crystallized spontaneously. It was recrystallized 
from heptane and sublimed in vacuo at 100°, m.p. 135°. In admixture with 
unsaturated lactone B, the melting point was depressed by 30°. Calc. for 
CigH2,02N: C, 73.53; H, 8.87; N, 5.36. Calc. for CigH2s0.N: C, 72.96; H, 9.57; 
N, 5.82. Found: C, 73.81; H, 8.65; N, 5.43%. The infrared absorption 
spectrum of saturated lactone B contained besides the absorption at 1755 cm.~! 
(89) due to the lactone carbonyl, a sharp absorption band at 3325 cm.~! (42) 
indicating the presence of an NH grouping. 
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ANNOTININE: THE LACTONE RING! 


By H. L. MEIER? AND LEO MARION 


ABSTRACT 

The action of lithium aluminum hydride in dioxane solution on annotinine 
reduces the lactone and gives rise to a dihydroxy ether while the same reaction 
in tetrahydrofuran causes scission of the cyclic ether as Well and produces a 
trihydroxy compound. The same trihydroxy compound is also obtainable by 
the similar reduction of annotinine chlorohydrin. Treatment of the trihydroxy 
compound with thionyl chloride converts it to a chlorine-containing sulphite 
ester which under the action of chromous chloride yields an unsaturated di- 
hydroxy compound A, while under the conditions of the Clemmensen reaction, 
it yields an isomeric unsaturated dihydroxy compound B. Annotinine reacts 
with phenyl-lithium to give what seems to be a tetrahydroxy compound 
(C2sH3s;04N) which is oxidized by chromic acid to C2.sH3;0,N. These reactions 
lead to two conclusions: (a) that hydrochloric acid and lithium aluminum 
hydride open the cyclic ether of annotinine in the same way, and (d) that the 
hydroxyl involved in the lactone is tertiary. 


It has already been established from the chemical behavior of the base 
that two of the three oxygens of annotinine (CjsH2,O;N) are present in a 
lactone ring (3) and the third bridges a secondary carbon and a tertiary carbon 
in a cyclic ether (3, 5). From the position of the carbonyl absorption band in 
the infrared spectrum of the alkaloid it appears that the lactone is probably 
five-membered (4). Nothing is known, however, concerning the way in which 
this ring is attached to the rest of the molecule, nor of its position relative to 
the nitrogen or the cyclic ether. A study of the reactions to be described was 
undertaken in an attempt to gain more information about these points. 

It has been stated by Bertho and Stoll (2) that annotinine is inert towards 
lithium aluminum hydride in ether solution. It has been shown by the present 
work, however, that a limited quantity of lithium aluminum hydride in dioxane 
solution reduced the lactone function to give a dihydroxy ether (C;gH2;O;N) I, 
in which the cyclic ether remained intact. Moreover, the action of an excess 
of the same reagent in tetrahydrofuran gave rise to a trihydroxy compound 
(CysH27O3N) III, in which not only had the lactone been reduced, but the 
ether ring had also been opened (cf. flowsheet). 

It was found also that annotinine chlorohydrin (C,gsH203;NCl1), a substance 
arising from the cleavage of the cyclic ether with hydrochloric acid (3), under- 
went reaction with lithium aluminum hydride in ether solution to produce 
the same trihydroxy compound III obtainable directly from annotinine. 
Hence in the chlorohydrin the hydroxy! group arising from the cyclic ether 
must have occupied the same position as the hydroxyl group in the trihydroxy 
compound which was derived from the same function. It can be concluded 
that both hydrochloric acid and lithium aluminum hydride open this cyclic 
ether in the same way. It is known that a secondary oxide linkage is attacked 
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by lithium aluminum hydride in preference to a tertiary (6) and, therefore, in 
annotinine the ether must be cleaved between the secondary carbon and the 
oxygen. Since the lactone ring in the chlorohydrin is reduced in ether solution 
whereas annotinine is not affected under those conditions (2), it appears that 
CosH3,Q4N 
CrOs 


Ca3H3303N 
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the lactone is more stable when the cyclic ether is inta¢t, and this observation 
prompts the surmise that the two functions may well be in close proximity 
to each other. 

The dihydroxy ether | was converted by phosphorus pentachloride to the 
corresponding dichloro ether, but the yield was small. Thionyl chloride, on 
the other hand, did not effect chlorination, but gave rise to a cyclic sulphite 
ester II. The infrared absorption spectrum of this derivative showed no 
absorption in the hydroxyl region nor in the carbonyl region, but contained a 
strong absorption band at 1206 cm.~', characteristic of the SO frequency (1). 
The only difference in the behavior of the trihydroxy compound III in this 
reaction was due to the hydroxyl derived from the ether. When treated with 
thionyl chloride the trihydroxy compound was converted into an uncrystal- 
lizable product IV. Qualitative tests showed the presence of both sulphur 
and chlorine. Since the product IV could not be purified either by crystal- 
lization or distillation these tests might not be considered entirely significant, 
but the presence of sulphur (in a sulphite ester grouping) was confirmed by 
the subsequent reactions. The presence of chlorine was likely since the hydroxy 
lactone (one of the products of the reaction of annotinine chlorohydrin with 
chromous chloride) in which the hydroxyl formed from the cyclic ether was 
carried by the same tertiary carbon as in the trihydroxy compound III, was 
converted by thionyl chloride into an unstable chloro lactone (5). When the 
product IV was refluxed with chromous chloride and hydrochloric acid, it 
gave rise to an unsaturated dihydroxy compound A (C,sH,O.N). This un- 
saturated product when reduced catalytically absorbed one mole of hydrogen 
and gave a dihydro-dihydroxy compound A which failed to crystallize but 
was converted by thionyl chloride to an unstable crystalline sulphite ester. 
When, on the other hand, the reaction product IV was refluxed with amalga- 
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mated zine and hydrochloric acid instead of chromous chloride, sulphur was 
liberated and an isomeric unsaturated dihydroxy compound B (CjgH»2;O.N) 
was produced. It is unlikely that more than two hydroxyls would have the 
required configuration for the facile formation of a sulphite ester. Therefore, 
by analogy with the formation of the unsaturated lactones described previ- 
ously (5), it can be assumed that it is the hydroxyl group arising from the 
cyclic ether that is chlorinated and eventually eliminated with formation of a 
double bond. Attempts to remove the elements of water from unsaturated 
dihydroxy compound A failed. Treatment with thionyl! chloride resulted in 
the formation of a sulphite ester. 

The lactone ring of annotinine was also opened by a different method. 
Treatment of the base with phenyl-lithium*® produced a derivative yielding 
analytical figures in agreement not with the expected C2sH3;0;N, but with 
C2sH33;04N. The reaction mixture had been poured onto ice, and it is probable 
that the lithium hydroxide cleaved the ether with resulting formation of a 
glycol. The infrared absorption spectrum of this derivative contained several 
absorption peaks in the hydroxyl region, but showed no absorption in the 
carbonyl region. Oxidation of the derivative with chromic acid in acetic acid 
caused the loss of two hydrogens with no increase in the oxygen content. 
The oxidation product, C2sH3;04N, was still basic and its infrared absorption 
spectrum still contained several absorption bands in the hydroxyl region and 
a strong peak at 1720 cm.~! indicating the presence of a keto group. Hence 
the oxidation must have converted a secondary alcoholic into a keto group. 
In the similar oxidation of annotinine hydrate, a substance in which the cyclic 
ether has been converted to a glycol, it is one of these glycol hydroxyls which 
is secondary that is converted to a ketone group with the formation of a 
hydroxy ketone (5). In the present oxidation of the phenyl-lithium reaction 
product, since the same secondary hydroxy] arising from the ether was present, 
it can be assumed that it was this group that was oxidized to a ketone. It 
appeared probable, therefore, that the free hydroxyl that was originally 
esterified in the lactone was tertiary. 


EXPERIMENTAL? 


When not otherwise specified the infrared absorption measurements were 
made on nujol mulls with a Perkin-Elmer double beam instrument, model 21. 
The other measurements were made on a Perkin-Elmer single beam instru- 
ment, model 12B, and the solvent and prism used are mentioned in each case. 


Annotinine and Lithium Aluminum Hydride (Incomplete Reaction) 
Annotinine (3.0 gm.) was dissolved in purified dioxane and a 7% solution 
of lithium aluminum hydride in ether (7 ml.) added through a separatory 
funnel. The reaction mixture was refluxed under nitrogen for two hours. 
After cooling the excess lithium aluminum hydride was destroyed by the 


3 Dr. D. B. MacLean when working in Dr. R. H. Manske’s laboratory carried out a pre- 
liminary investigation of this reaction. We are most grateful to them for making their results 
available and wish to acknowledge our indebtedness. 

4 Unless otherwise mentioned the melting points are corrected. 
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addition of water (2 ml.) in methanol (20 ml.). The mixture was filtered and 
the clear filtrate extracted with chloroform. The evaporated extract yielded 
a partly crystalline residue that proved to be mostly unchanged annotinine, 
m.p. 232°, either alone or in admixture with an authentic sample. 

When the aqueous filtrate which had been extracted by hand was again 
extracted with chloroform in a continuous liquid-liquid extractor, the extract 
yielded 2.65 gm. of an oily extract which was chromatographed on alumina 
(No. Il). The chloroform—benzene (10:1) eluate contained a compound 
(1.9 gm.) which formed a crystalline hydrochloride, m.p. 213-214°, after 
drying in vacuo for three hours at 80°. Found: C, 60.70, 60.84; H, 8.37, 8.28; 
N, 4.07. Calc. for C)sH203N.HCI: C, 60.86; H, 8.27; N, 4.44%. The free base 
liberated from the hydrochloride was crystallized from acetone, m.p. 220°. 
For analysis a sample was sublimed at 165° at 10~* mm. Found: C, 68.78; 
H, 9.12; N, 5.13; active H, 0.79% (Zerewitinow). Calc. for CigH2sO3N: C, 
68.78; H, 9.02; N, 5.01; 2 active H, 0.72%. The infrared absorption spectrum 
of this dihydroxyoxide contained two peaks at 3455 cm.~! (61.5)° and 
3375 cm.~! (73) indicating two hydroxyl groups, and no longer contained 
absorption in the carbonyl region. The ether—methanol eluate yielded 450 mgm. 
of an oil which formed a crystalline hydrochloride, m.p. 254-255°. This salt 
vielded unsatisfactory analytical results, however, and was probably not 
homogeneous. 


Annotinine and Lithium Aluminum Hydride (Complete Reaction) 

Carefully dried annotinine (1.0 gm.) was dissolved in purified tetrahydro- 
furan (50 ml.) and added dropwise to saturated lithium aluminum hydride 
in ether (5 ml.) diluted with ether (100 ml.). A white precipitate separated 
immediately. The mixture was refluxed gently for two hours and the excess 
reagent destroyed with aqueous ether and methanol. The solvents were 
distilled off at 40° under reduced pressure and the solid residue dissolved in 
dilute hydrochloric acid. The solution was alkalized with ammonium hy- 
droxide and extracted with chloroform in a continuous liquid-liquid extractor 
for 36 hr., the extract being removed and replaced by fresh chloroform every 
four to six hours. The combined chloroform extract on evaporation yielded an 
oily base, wt. 900 mgm., which crystallized from methanol. The product 
contained solvent of crystallization since on drying at 100° the crystalline 
form was altered and it lost weight (wt. 730 mgm. after drying). It melted at 
ca: 165-170°, solidified again, and melted at 214—215°. After sublimation in 
high vacuo at 170°, it melted at 215°. Found: C, 68.03; H, 9.54; N, 4.89. 
Calc. for C;gH2703N: C, 68.29; H, 9.67; N, 4.98%. The infrared spectrum of 
this trihydroxy derivative determined in a mull on a single beam Perkin—Elmer 
spectrometer contained three absorption bands (3394 cm.~'!, 3298 cm.~}, 
3173 cm.~!) indicating three hydroxyl groups. On the double beam instrument, 
only two absorption bands at 3305 cm.~! (75) and 3230 cm.~! (69.5) appeared. 


Annotinine Chlorohydrin and Lithium Aluminum Hydride 
Annotinine chlorohydrin (500 mgm.) was dissolved in absolute ether (50 ml.) 


5 The figures in brackets following wave numbers indicate per cent absorption. 
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and added dropwise to an ethereal solution of lithium aluminum hydride 
(made up of 5 ml. of a saturated solution in 30 ml. of absolute ether). A white 
precipitate separated immediately. After the addition was complete the 
mixture was refluxed gently for one hour. The excess reagent was destroyed 
by the addition of ether—-methanol and the mixture evaporated to dryness. 
The residue was dissolved in 2 NV hydrochloric acid (20 ml.), the solution made 
alkaline with ammonium hydroxide, and extracted with chloroform in a 
continuous liquid-liquid extractor. The chloroform extract was concentrated 
and allowed to stand overnight at room temperature when long prismatic 
needles separated. The compound recrystallized from methanol, melted at 
ca. 165-180°, solidified, and melted again at 212-214°. On drying at 100° it 
lost weight. The dried material melted at 214—215° either alone or in admixture 
with the trihydroxy compound obtained by the reduction of annotinine with 
lithium aluminum hydride. 


Dihydroxy Oxide and Phosphorus Pentachloride 

The dihydroxy oxide (671 mgm.) was dissolved in dry chloroform (10 ml.) 
and refluxed for one hour with phosphorus pentachloride (1.0 gm.). The 
solvent was evaporated off, the residue made alkaline with sodium carbonate, 
and extracted with chloroform. The extract on evaporation left an oily residue, 
wt. 692 mgm., which was dissolved in benzene and chromatographed on 
alumina No. II. The benzene eluates were combined. After evaporation of 
the solvent they yielded 183 mgm. of a substance which was converted to the 
hydrochloride. This salt, after recrystallization from methanol, melted at 
290-292° (uncorr.). For analysis a sample was dried for 12 hr. at 50° at 
10-' mm. Found: C, 54.44, 54.26; H, 6.44, 6.48; N, 3.96. Calc. for 
CisH230N Cle.HCl: C, 54.48; H, 6.86; N, 3.97%. 
Dihydroxy Oxide and Thionyl Chloride 

To the dihydroxy oxide (125 mgm.) thionyl chloride (3 ml.) was added 
and the mixture heated at 60° for five minutes. The excess thionyl chloride 
was distilled off under reduced pressure and the residue shaken with am- 
monium hydroxide and chloroform. The chloroform extract was separated 
and evaporated to dryness. There was left a yellow oil which was dissolved 
in benzene and chromatographed on alumina (No. II-III). The benzene 
eluate yielded a crystalline product which was recrystallized from heptane 
from which it separated as colorless needles, m.p. 147° (dec.). The product 
was sensitive to heat and on warming in a solvent there always formed a 
flocculent precipitate that had to be filtered. It could not be sublimed. Found: 
C, 58.72; H, 7.39; N, 4.11. Calc. for CigH2304NS: C, 59.05; H, 7.12; N, 4.30%. 
That this product was a sulphite ester was also indicated by its infrared 
absorption spectrum which no longer showed absorption in the hydroxyl 
region, but contained the absorption band at 1206 cm.~! (87.5) typical of 
S-O bonds (1). 

When a small sample of this sulphite ester was treated with aqueous hydro- 
chloric acid (1:2) a yellowish precipitate was formed which proved to be 
elemental sulphur. Reduction with chromous chloride caused the evolution 
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offhydrogen sulphide, but owing to paucity of material the main product of 
this reaction was not isolated. 


Action of Thionyl Chloride on the Trihydroxy Compound 


The trihydroxy compound (300 mgm.) (obtained by the complete reduction 
of annotinine with lithium aluminum hydride) was mixed with thionyl chloride 
(10 ml.) and the mixture kept at room temperature for one hour. The excess 
thionyl chloride was distilled off under reduced pressure and the residue 
shaken with ammonium hydroxide and chloroform. The chloroform extract 
on evaporation yielded 245 mgm. of a yellow oil which was dissolved in benzene 
and chromatographed on alumina (No. II—II1). The benzene eluates contained 
165 mgm. of an oil which crystallized slowly. All attempts to recrystallize 
this substance failed, since it decomposed rapidly on heating with solvents. 
Qualitative tests showed that the compound contained both sulphur and 
chlorine but since it could not be purified the tests may not be significant. 
Presumably the compound contained a sulphite ester group bridging the same 
two oxygens as in the ester obtained from the dihydroxyoxide and may have 
contained a chlorine replacing the third hydroxyl group. 

The product was refluxed for three hours with chromous chloride prepared 
from chromic chloride hexahydrate (10 gm.), hydrochloric acid (10.ml.), 
amalgamated zinc (5 gm.), and water (50 ml.). The reduction mixture, after 
cooling, was extracted with ether. On evaporation, the extract left 95 mgm. 
of an oil which crystallized partly. Recrystallization from heptane yielded 
60 mgm. of crystalline material, m.p. 169°. A sample was sublimed for analysis. 
Found: C, 73.05: H, 9.46; N, 5.21. Calc. for CisHoO.N:.C, 72.96: H, 9.57: 
N, 5.32%. The infrared absorption spectrum of this unsaturated dihydroxy 
compound A in chloroform solution on a single beam instrument with a 
calcium fluoride prism showed two absorption bands in the hydroxyl region, 
one free at 3615 cm.~! and one banded at 3379 cm.~'. 

The experiment was repeated with 480 mgm. of the trihydroxy compound 
and 15 ml. of thionyl chloride; the product on treatment with chromous 
chloride as above yielded 245 mgm. of the crystalline product, m.p. 169° after 
recrystallization from heptane. The oily material recovered from the heptane 
mother liquors was chromatographed on alumina and eluted first with benzene 
and then with ether. The combined benzene and ether eluates contained 
195 mgm. of an oil which slowly decomposed on exposure to air, and could 
not further be characterized. 

A third experiment was carried out slightly differently. The trihydroxy 
compound (205 mgm.) and thionyl chloride (10 ml.) were left at room tempera- 
ture for one hour. The excess thionyl chloride was removed in vacuo and the 
residual product refluxed with 2 N hydrochloric acid and a small quantity of 
amalgamated zinc. A precipitate of elementary sulphur soon separated. After 
one hour of refluxing the mixture was cooled, filtered, and the filtrate alkalized 
with ammonia and extracted with chloroform. On evaporation of the combined 
extract an oily residue was left, 170 mgm., which was dissolved in benzene 
and chromatographed on alumina (No. III). The benzene-ether (5: 2) eluate 
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vielded a colorless oil which crystallized slowly. After recrystallization from 
ether the product melted at 146-147°. Found: C, 72.86; H, 9.29; N, 5.21. 
Calc. for CygH2;02N : C, 72.96; H, 9.57; N, 5.82%. This unsaturated dihydroxy 
compound B, which was isomeric with the above dihydroxy derivative A 
(m.p. 169°), had an infrared absorption spectrum containing a number of 
absorption peaks in the OH—-NH region, i.e., a double peak, 3360 (60), 3315 (59) 
and 3180 (56.5), 3060 (53). 


Catalytic Reduction of Unsaturated Dihydroxy Compound A 

The unsaturated dihydroxy compound (95 mgm.) was dissolved in ethanol 
(3 ml.) and hydrogenated over Adams’ catalyst. The uptake of hydrogen was 
exactly one mole. After removal of the catalyst by filtration the solvent was 
evaporated and the residual colorless oil which failed to crystallize was chro- 
matographed on alumina (No. III). The recovered product was still an oil 
and repeated attempts to crystallize it from various solvents were ineffective, 
nor was it possible to prepare a crystalline salt. 

The oily product was allowed to stand at room temperature for 10 minutes 
with thionyl chloride (2 ml.). The product of this reaction, worked up as 
described above, was a yellowish oil which was chromatographed on alumina 
(No. II1). The benzene eluate yielded a fraction that crystallized slowly. It 
was very unstable and no definite melting point could be observed. A quali- 
tative test showed that it contained sulphur and therefore was probably a 
sulphite ester. 


Action of Thionyl Chloride on Unsaturated Dihydroxy Compound A 


The unsaturated dihydroxy compound (105 mgm.) was treated with thiony] 
chloride at room temperature and the product worked up in the usual way. 
It consisted of a colorless oil which crystallized from heptane as long colorless 
needles, m.p. 130—150° (dec.), which decomposed on attempted sublimation. 
Treatment of the substance with chromous chloride liberated hydrogen sul- 


phide. 


Reaction of Annotinine with Phenyl-lithium 

Annotinine (800 mgm.) was dissolved in ether (50 ml.) and added dropwise 
to an ethereal solution of phenyl-lithium (made from 0.3 gm. of lithium). 
After being refluxed for one hour the reaction mixture was cooled and poured 
into a separatory funnel containing cracked ice. The milky mixture was 
alkalized with ammonia and extracted repeatedly with ether. The combined 
extract was distilled on the steam bath to remove the solvent and the oily 
residue dissolved in benzene and chromatographed on alumina (No. III). 
The benzene eluate contained some diphenyl and a few milligrams of un- 
changed annotinine. The ether eluate yielded an oily product which on treat- 
ment with heptane was converted into an amorphous solid. The product was 
sublimed at 190° at 10-4 mm. after which it melted at 236-239°. Yield, 
800 mgm. Found: C, 74.89; H, 7.22; N, 3.07. Calc. for CosH3;04N : C, 74.80: 
H, 7.85; N, 3.12%. The infrared absorption spectrum showed absorption 
bands in the hydroxyl region, but no absorption in the carbonyl region. 
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Oxidation of the Diphenyl Derivative of Annotinine 

The diphenyl derivative (700 mgm.) was dissolved in glacial acetic acid 
(3 ml.) and to the solution a mixture of chromic acid (400 mgm.) in glacial 
acetic acid (3 ml.) was slowly added. A greenish brown precipitate separated 
which gradually dissolved again. The mixture was left standing for five hours 
and a few drops of ethanol were added to reduce excess chromic acid. The 
solvents were evaporated under reduced pressure at a temperature no higher 
than 40°, and the residue dissolved in chloroform. After shaking with hydro- 
chloric acid the chloroform solution was washed with water, dried, and evapo- 
rated. There was left an oily residue (610 mgm.) that was dissolved in benzene 
and chromatographed on alumina (No. III). The benzene eluate yielded a 
product which was crystallized from a mixture of dichlorethylene and heptane 
from which it separated as fine small needles, m.p. 250—251°. Found: C, 75.67; 
H, 6.82; N, 3.12. Calc. for CosH3;0,4N: C, 75.14; H, 7.43; N, 3.138%. The 
infrared absorption spectrum contains absorption bands in the hydroxyl 
region and a new absorption band at 1720 cm.“' attributable to a keto group. 
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THE SYNTHESIS AND REACTIONS OF 1-CHLORO-2- 
ISONITROSODIBENZOYLETHANE'! 


By A. BEELIK? AND W. H. Brown 


ABSTRACT 


The addition of nitrosyl chloride to trans-dibenzoylethylene produces only the 
syn-benzoyl isomer of 1- chloro-2- isonitrosodibenzoy lethane. This compound con- 
tains a hydrogen bond. It forms two isomeric mono-2,4-dinitro-phenylhydra- 
zones. When boiled with hydrochloric acid it is converted into 3-benzoyl-4- 
chloro-5-phenylisoxazole. The reactions and derivatives of this latter compound 
are discussed. 


In Cusmano’s (16, 17, 13, 14) general synthesis of 3-ketoisoxazoles (1) by the 
action of boiling nitric acid on saturated 1,4-diketones (II), a 2-isonitroso- 
1,4-diketone (III) is the hypothetical and unisolated intermediate. II] may 
be considered to be the monoxime of a 1,2,4-triketone, a compound with an 
interesting combination of functional groups 


Ri RiH Ry 
R-C -¢ C-C-R oo R-C-C-C-C- R 
bX bib ho NO 
bu 
I II ITI 


R,Re = CH; or CeH; 
R, = H or CsH; 

The aim of the present investigation was the synthesis of a stable analogue 
of [Il and the study of its configuration. The synthesis has been achieved by 
the addition of nitrosyl chloride to trans-dibenzoylethylene (IV), which was 
prepared by the method of Lutz (20). A modification of the classical (19, 23, 
24) amyl nitrite — hydrochloric acid method gave a 72% yield of the addition 
product, a white crystalline solid (V), melting at 133°C. Though the primary 
addition product in this reaction is the nitroso chloride, in most known cases 
(19, 24) the primary or secondary nitroso compounds rearrange to the more 
stable isonitroso chlorides. Thus V was assumed to be 1-chloro-2-isonitroso- 
dibenzoylethane (III: R,Re = CsHs, Ri = Cl). The physical and chemical 
properties of V have been shown to agree with this structure. 

Red solutions result when V is dissolved in pyridine and cold aqueous sodium 
hydroxide. In the latter reagent, decomposition of V into benzaldehyde and 
resinous condensation products occurs. Hot dilute nitric acid oxidizes V to two 
molecules of benzoic acid. 

V is unaffected by phosphorus pentachloride under the usual conditions for 
the Beckmann rearrangement of oximes. When V is treated with benzoyl 


1 Manuscript received July 6, 1953. 
Contribution from the Departme nt of Chemistry, Ontario Agricultural College, Guelph, 
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chloride according to the method of Rheinboldt (22) benzoylation does not 
occur. No reaction has been observed when V is treated with phenyl isocyanate 
according to Schmidt (23). : 

Treatment of V with 2,4-dinitrophenylhydrazine in sulphuric acid aecording 
to Brady (8) gives two isomeric mono-2,4-dinitrophenylhydrazones. This result 
was unexpected, since the bis-2,4-dinitrophenylhydrazones are formed very 
readily by dicarbonyl compounds (6). 

The existence of a hydrogen bond between the oxime hydroxyl and one of 
the carbonyl oxygens in V could account for the failure to form derivatives 
at these two functional groups. The synv-benzoyl form of V, indeed, fulfils 
all the theoretical requirements of intramolecular hydrogen bonding (25). The 
existence of a hydrogen bond has been established by infrared spectroscopy. 
Strong absorption due to hydrogen bonding usually occurs in the infrared 
from approximately 3500 cm7!. to 3200 cm. It may be seen in Figs. 1 and 2 
that V exhibits absorption in this region while 1-chlorodibenzoylethane (V1I1) 
does not. 

This in itself does not prove chelation in V, as simple oximes, which are 
only capable of intermolecular hydrogen bonding, are also known to absorb 
weakly in the same region. The chemical behavior of V, however, makes the ex- 
istence of an intramolecular hydrogen bond in the molecule more than probable. 

When V is treated with hot concentrated hydrochloric acid, loss of water 
occurs and a new compound (V1) is formed. The loss of water can only occur 
between the oxime hydroxyl and the enolized carbonyl group in position 1. 
The same reaction occurs in Claisen’s (11) synthesis of isoxazoles by oximation 
of 1,3-diketones. Thus V corresponds to Claisen’s intermediate mono-oxime and 
VI must be 3-benzoyl-4-chloro-5-phenylisoxazole. Like other aryl-substituted 
isoxazoles (12, 18, 26), VI resists oxidation by hot concentrated nitric acid, 
but is nitrated by this reagent. The product is, by analogy with work of 
Cusmano (18), probably, 3-benzoyl-4-chloro-5-p-nitrophenylisoxazole (VIII). 

The configuration of oximes is frequently established through their conver- 
sion to cyclic compounds. The formation of VI would seem to support the 
anti-benzoyl configuration for V, contradicting previous considerations. How- 
ever, the conflicting evidence may be reconciled by the assumption that the 
stable syn-benzoyl form isomerizes to the labile anti-benzoyl form prior to 
cyclization. Isomerization by hydrochloric acid in this direction is not common, 
but a similar conversion has been reported by Meisenheimer (21). 

Two carbonyl! derivatives of VI have been prepared, the 2,4-dinitrophenyl- 
hydrazone (IX) and the oxime (X). Ajello (1, 2, 3, 4) and Cusmano (17, 13) 
have found that on oximation, 3-ketoisoxazoles easily undergo ring fission 
and furazan derivatives may be formed. The extent of this transformation 
apparently depends on the nature of the substituents on the isoxazole nucleus, 
but does vary for a given isoxazole with the reagents and conditions employed 
(1). Some of their results are contradictory (4, 13) and the problem has not 
been wholly clarified. The reverse transformation has been reported by 
Cusmano (15) in a recent paper: 3-phenyl-4-desylfurazan was converted by 
boiling concentrated hydrochloric acid into 3-benzoyl-4,5-diphenylisoxazole, 
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Fic. 1. Infrared spectra of 1-chloro-2-isonitrosodibenzoylethane (top), and 1-chlorodi- 
benzoylethane (bottom), measured in a Nujol mull on a Perkin-Elmer 12C single beam spectro- 
photometer with sodium chloride prism, 0.025 mm. cell. 
with liberation of hydroxylamine. In the light of these reports, X could have 
either an isoxazole structure or a furazan structure. However, it has been found 
that X fails to react with either hydroxylamine or 2,4-dinitrophenylhydrazine 
but does form a derivative (XI) with phenyl isocyanate. This establishes that 
the isoxazole structure for X is correct. The oximation of VI -has been repeated 
under a variety of conditions simulating those employed by Cusmano and 
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Fic. 2. Sections of the infrared spectra of (a), 1-chlorodibenzoylethane; (6) 1-chloro-2- 
isonitrosodibenzoylethane; (c), alpha-2,4-dinitrophenylhydrazone of (6); and (d), beta-2,4- 
dinitrophenylhydrazone of (b); as recorded by a Perkin-Elmer 12C single beam spectrophoto- 
meter. All four compounds in Nujol mull, sodium chloride prisms, cells vary 0.025, 0.10, 0.20, 
0.20 in above order. 

Ajello (1, 2, 3, 13). In all cases X was the only product, indicating that the 
nucleus of VI resists cleavage in this reaction. 

Attention may now be turned to the two isomeric mono-2,4-dinitropheny]- 
hydrazones (XII) of V. Of these, the a-isomer, melting at 211-—212°C., is 
formed at low temperatures (4°C.) and the 8-isomer, melting at 183°C. with 
decomposition, is obtained at room temperature. Repeated boiling in different 
solvents did not change these melting points. The a-isomer of XII as well as 
compound IX are unaffected by hot concentrated hydrochloric acid, but the 
B-isomer of XII is converted into the a-isomer by this reagent. In these isomers, 
the 2,4-dinitrophenylhydrazine group may be attached to the same or to 
different carbon atoms of V. Attachment to different positions would require 
simultaneous hydrolysis and recondensation for the interconversion. This 
process is ruled out after consideration of the stability of 2,4-dinitrophenyl- 
hydrazones (5, 6). An isomer with attachment at position 4 should be convert- 
ible by hot concentrated hydrochloric acid into IX through formation of the 
isoxazole nucleus. Failing this, attachment has to be at position | in both iso- 
mers, which agrees with the theory of the hydrogen bond. Thus geometric 
isomerism seems to be a logical explanation. The close correspondence over the 
fingerprint region (1350-600 cm™~'.) in the infrared spectra of the a and ,- 
isomers also favors this assumption. A marked band due to bonded OH is 
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present in the spectrum of the B-isomer at 3330 cm7!. (see Fig. 2d). The 
absence of this band in the spectrum of the a-isomer (see Fig. 2c) could be 
due to the overlapping of the NH stretching frequency. 

Two double bonds in XII could be involved in geometrical isomerism. A 
shift at the oxime double bond would conform to a similar shift, caused also 
by hot concentrated hydrochloric acid, in V. The infrared evidence would not 
contradict this assumption. Accordingly, the a-isomer would have an anti- 
benzoyl, the 8-isomer a syn-benzoyl oxime structure. A shift at the hydrazone 
double bond would produce the rare type of geometrically isomeric 2,4- 
dinitrophenylhydrazones, of which the most outstanding example is found in 
the work of Bredereck (9, 10). He reported two forms of furfural 2,4-dinitro- 
phenylhydrazone melting at 212—214°C. and 230°C., respectively, with a mixed 
melting point of 185°C. For an excellent discussion on the occurrence of 
geometrical isomerism, polymorphism, mixed crystal formation, and structural 
rearrangements of 2,4-dinitrophenylhydrazones see Braddock ef al. (7). 

The simple procedure and good yield in the synthesis of V and its almost 
quantitative conversion to VI offer a convenient method for the preparation 
of 3-keto-4-chloroisoxazoles from symmetrical unsaturated 1,4-diketones. 


EXPERIMENTAL* 

!-Chloro-2-isonitrosodibenzoylethane 

To a solution of 10.0 gm. (0.0424 mole) of trans-dibenzoylethylene in 100 ml. 
of dioxane was added 10.0 gm. (0.0853 mole) of freshly prepared n-amyl 
nitrite. The solution was stirred at room temperature at a moderate speed, 
while 8.0 ml. (0.099 mole) of concentrated hydrochloric acid (37%) was intro- 
duced dropwise from a separatory funnel, over a period of twenty minutes. 
The solution turned golden brown. Stirring was continued.f After a lapse of 
two hours the addition of m-amyl nitrite and concentrated Fydrochloric acid 
was repeated, again using the same quantities and procedure. Stirring was 
continued for another half hour, and then the reaction mixture was allowed to 
stand for 48 hr. at room temperature. The mixture separated into two layers 
and some gas development was observed. Subsequently, the reaction mixture 
was diluted with 600 ml. of water. A yellowish oil separated at the bottom of 
the vessel. Most of the water was decanted, and the oil slowly crystallized 
into a white solid on standing. The solid was filtered off and purified from 
benzene-hexane and methanol—water, yielding 9.27 gm. (73%) of white 
crystals melting at 131—133°C. 
Anal. Calc. for CisH pO3NCl (301.5): c 63.70; rH, 4.01; N, 4.65. 

Found: C, 63.86; H, 4.05; N, 4.62. Mol. wt. Found: 299. 

3-Benzoyl-4-chloro-5-phenylisoxazole 

A suspension of 5.0 gm. (0.0166 mole) of 1-chloro-2-isonitrosodibenzoyl- 

*All melting points have been corrected against reliable standards. The molecular weights were 
determined by the Rast camphor method. 

tThe reaction mixture usually does not warm up significantly. With greater quantities, however, 


the temperature may rise, and when it passes 40°C. it is advisable to cool thé mixture back to room 
temperature. 
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ethane in 50 ml. of concentrated hydrochloric acid (37%) and 15 ml. of water 
was refluxed over a low flame for five hours. At. the end of this period the 
organic material was present in the reaction mixture as an oil, and solidified 
overnight at room temperature. The off-white solid was separated from the 
clear acid liquor by filtration, washed with several lots of water, and was 
crystallized from ethanol—water. The purified product, fine white needles, 
weighed 4.32 gm. (92%) and melted at 56—57°C. 

Anal. Calc. for C3sH»O2NCl (283.5): C, 67.69; H, 3.52; N, 4.94. 

Found: C, 67.59; H, 3.45; N, 4.85. Mol. wt. Found: 265, 259. 


1-Chloro-2-isonitrosodibenzoylethane Mono-2,4-dinitrophenylhydrazone(a-Isomer ) 

The reagent solution was prepared by dissolving 0.38 gm. (0.0019 mole) of 
2,4-dinitrophenylhydrazine in 0.8 ml. of hot concentrated sulphuric acid 
(d. 1.84, 95%) and by adding 6 ml. of 95% ethanol to this solution. A solution 
of 0.60 gm. (0.002 mole) of 1-chloro-2-isonitrosodibenzoylethane in 14 ml. of 
95% ethanol and the reagent solution were mixed at room temperature. The 
resulting clear red solution was stored overnight at 3-4°C. A copious orange 
precipitate formed. It was filtered off and crystallized from benzene—hexane, 
yielding 0.44 gm. of an amorphous solid, melting at 186-197°C. with decom- 
position. This product was recrystallized from acetone—water and again from 
benzene-hexane, finally vielding 0.31 gm. of an amorphous orange solid melting 
at 211-212°C. 
Anal. Cale. for Coo2H 1gO6N 5Cl (482): N, 14.52. 

Found: N, 14.64, 14.48. Mol. wt. Found: 467. 


1-Chloro-2-isonitrosodibenzoylethane Mono-2,4-dinitrophenylhydrazone(B-Isomer) 

The same quantities of 2,4-dinitrophenylhydrazine, 1-chloro-2-isonitrosodi- 
benzoylethane, concentrated sulphuric acid and 95% ethanol were used to 
prepare the final clear red solution as in the preparation of the high melting 
isomer. This solution, however, was stored overnight at room temperature. 
An orange precipitate formed. It was filtered off and crystallized from ethanol- 
water and benzene—hexane. The purified product, fine orange needles, weighed 
0.45 gm., and melted at 182—183°C. with decomposition. 
Anal. Calc. for Co2.HiOsN5Cl (482): N, 14.52. 

Found: N, 14.59, 14.49. 


3-Benzoyl-4-chloro-5-phenylisoxazole 2,4-Dinitrophenylhydrazone 
This derivative was prepared as above and crystallized from acetone-water 
and ethyl acetate — ethanol. The yield was 0.35 gm. of an amorphous orange 
solid melting at 203-—204°C. 
Anal. Calc. for C22HyOsN5Cl (464): N, 15.09. 
Found: N, 15.06. 


Conversion of 8-Isomer of 1-Chloro-2-isonitrosodibenzoylethane Mono-2,4-dinitro- 
phenylhydrazone to the a-Isomer 

A suspension of 0.100 gm. of the 6-mono-2,4-dinitrophenylhydrazone of 
1-chloro-2-isonitrosodibenzoylethane in 3 ml. of concentrated hydrochloric 
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acid (37%) was heated on the steam bath, with occasional stirring, for seven 
hours. The orange solid was filtered off and washed with water. After drying, 
this crude product weighed 0.092 gm. and melted at 194-202°C. This was 
crystallized twice from benzene-hexane, yielding 0.062 gm. of an amorphous 
orange solid melting at 211-212°C. A mixed melting point with a pure sample 
of the a-isomer showed no depression. 


3-Benzoyl-4-chloro-5-phenylisoxazole Oxime 


Toa-suspension of 2.5 gm. (0.00877 mole) of 3-benzoyl-4-chloro-5-phenyli- 
soxazole in 50 ml. of 95% ethanol was added a solution of 1.7 gm. (0.0245 mole) 
of hydroxylamine hydrochloride in the minimum amount of water. The result- 
ing mixture was refluxed on the steam bath for four hours. All the solid dissolved 
after the first few minutes of heating. The colorless clear solution was concen- 
trated to a sixth of its original volume, and then cooled. An off-white solid 
separated from the solution. It was filtered off and triturated with several 
lots of water on the filter. This crude solid was dried by suction. It weighed 
2.59 gm. and melted at 148-150.5°C. By crystallization from acetic acid — 
water 1.95 gm. (75%) of white needles was obtained, melting at 151—153°C. 
Further purification from acetic acid — water and toluene — hexane narrowed 
the range to 152—153°C. Oximation in the presence of pyridine or potassium 
hydroxide gave the same product. 


Anal. Calc. for CigH1,O2N2Cl (298.5): C, 64.35; H, 3.71; N, 9.37; Cl, 11.89. 
Found: C, 64.86, 64.50; H, 3.72, 3.66; N, 8.76, 8.70; Cl, 12.19, 12.27. 


ITydrolysts of 3-Benzoyl-4-chloro-5-phenylisoxazole Oxime 


To 2 ml. of concentrated hydrochloric acid (37%) was added 0.2 gm. 
(0.00067 mole) of 3-benzoyl-4-chloro-5-phenylisoxazole oxime. The resulting 
suspension was refluxed over a low flame for three hours. The solid was con- 
verted to a yellow oil. This oil thickened overnight, and was filtered off. The 
sticky crude solid was crystallized from ethanol—water, and 0.07 gm. of fine 
white needles was obtained, melting at 56-57°C. A mixed melting point with 
3-benzoyl-4-chloro-5-phenylisoxazole showed no depression. The clear reaction 
liquor was evaporated to dryness, the yellowish residue was taken up in 2 ml. 
of water, and the presence of hydroxylamine in this solution was demonstrated 
by the hydroxamate test. 


Reaction of 3-Benzoyl-4-chloro-5-phenylisoxazole Oxime with Phenyl Isocyanate 


A solution of 0.23 gm. (0.00078 mole) of 3-benzoyl-4-chloro-5-phenylisoxa- 
zole oxime and 0.12 gm. (0.001 mole) of phenyl isocyanate (EK 533) in 2 ml. 
of absolute ether was stored for two days in a well-stoppered bottle, in the dark 
at room temperature. A minor quantity of colorless prisms formed during this 
period. Removed from the solution they proved to be sym-diphenylurea. The 
ether solution was evaporated to dryness. The residue, a pale brown oil, 
solidified in a short time. This solid was crystallized from toluene-ether— 
hexane, yielding 0.15 gm. of product, melting at 147-149°C. Two further 
crystallizations from ethanol—water narrowed the melting range to 148-149°C. 
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The purified product, long white needles, weighed 0.11 gm. A mixed melting 
point with 3-benzoyl-4-chloro-5-phenylisoxazole oxime showed a marked 
depression. 
Anal. Calc. for Co3H 1603N 3Cl (417.5): N, 10.04. 

Found: N, 9.87, 9.83. 


Nitric Acid Oxidation of 1-Chloro-2-isonitrosodibenzoylethane 

A suspension of 0.5 gm. (0.00165 mole) of 1-chloro-2-isonitrosodibenzoyl- 
ethane in 7 ml. of dilute nitric acid (d. 1.15, 25%) was heated on the steam 
bath for seven hours. The evolution of brown fumes began after the first few 
minutes and ceased after six hours of heating. The cooled reaction mixture 
vielded an alkali soluble, white solid which weighed 0.264 gm. and melted at 
122-123°C. A mixed melting point with an authentic sample of benzoic acid 
showed no depression; 0.264 gm. (0.00216 mole) of benzoic acid corresponds to 
a vield of 1.31 mole per mole of 1-chloro-2-isonitrosodibenzoylethane. 


Nitration of 3-Benzoyl-4-chloro-5-phenylisoxazole 

When 0.5 gm. (0.00176 mole) of 3-benzoyl-4-chloro-5-phenylisoxazole was 
added to 7 ml. of concentrated nitric acid (d. 1.42, 70%), the white solid 
changed into a yellowish oil which spread out over the surface of the acid in a 
thin film. The mixture was heated on a steam bath, and evolution of brown 
fumes began after a few minutes. In the second hour of heating a white solid 
started to crystallize from the brown liquor. Heating was continued for a total 
of seven hours. A considerable amount of the crystalline white solid collected 
at the bottom of the vessel, and was separated from the hot brown acid liquor 
by filtration. This solid was crystallized from acetic acid — water, yielding two 
crops of white crystals: 0.19 gm. melting at 182—185°C. and 0.064 gm. melting 
at 167-180°C. The first crop was recrystallized three times from acetone- 
water and once from dioxane-water, yielding 0.06 gm. of pure product melting 
at 190-191°C. A qualitative test for the nitro group was positive. 
Anal. Calc. for CygHgQOgNoCl (328.5): N, 8.52. 

Found: N, 8.45, 8.28. 


Alkaline Hydrolysis of 1-Chloro-2-isonitrosodibenzoylethane to Give Benzaldehyde 

When 1.14 gm. (0.00378 mole) of 1-chloro-2-isonitrosodibenzoylethane was 
added to a solution of 0.4 gm. (0.01 mole) of sodium hydroxide in 14 ml. of 
water (2.8% aqueous sodium hydroxide) a red suspension formed immedi- 
ately. The suspension was steam distilled and 50 ml. of distillate was collected. 
The presence of benzaldehyde in the distillate was demonstrated through for- 
mation of the 2,4-dinitrophenylhydrazone. 
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THE KINETICS OF THE PYROLYSIS OF TOLUENE! 


By H. Brapes,? A. T. BLapEs,*? anp E. W. R. STEACIE 


ABSTRACT 


The pyrolysis of toluene has been studied in an attempt to verify the findings 
of Szwarc (2). The major products have been confirmed but styrene and isomeric 
dimethyl diphenyls have also been detected. First order rate constants for the 
decomposition have been found to depend on the condition of the surface of the 
reactor, the contact time, and, to a lesser degree, on the pressure. Some prelimi- 
nary studies on the mechanism of the formation of the dimethyl diphenyls are 
also recorded 


INTRODUCTION 


Recently Szwarc (3) and his co-workers have determined the bond dissociation 
energy for a number of compounds by means of the toluene carrier gas tech- 
nique. In this technique compounds are decomposed thermally in the presence 
of a large excess of toluene which, at the relatively high temperatures involved, 
acts as a very good inhibitor to free radical chain reactions. 

Many of the compounds so studied have been toluene derivatives and, in the 
calculations of standard heats of formation of radicals which follow from the 
kinetics data, it is necessary that the standard heat of formation of the benzyl 
radical be known. It has been customary to obtain a figure for this from the 
kinetic measurements of the pyrolysis of toluene itself. 

Szwarc (2) studied the pyrolysis of toluene by passing the vapor through a 
fairly large (about 450 cc. in volume) reaction cell, the temperature of which 
was adjusted to produce from 0.01 to 1.25% decomposition. These low con- 
versions help to assure the inhibiting properties of the toluene. The products 
identified were bibenzyl, benzene, methane, hydrogen, and large proportions 
of the undecomposed toluene. The quantities of hydrogen and methane were 
determined accurately and the bibenzyl was weighed for a limited number of 
runs. 

The basic reactions postulated were 


C.eH;CH3 —- C.sH;CH2 + H {1] 
H + C.H;CH;3 =F H,2 + C.sH;CH2 [2] 
2C.H;CH:2 —> CsH;CH2CH2CeHs. [3] 


The presence of methane and benzene was explained by the following set of 
reactions 

H + C.eH;CH; — CeHe + CH; [4] 

CH; + C.sH;CH; i CH, + C.sH;CHsz. [5] 


Reactions [2] and [4] thus compete for hydrogen atoms. Support for the exis- 
1 Manuscript received Ociober 9, 1958. 
Contribution from the Division of Pure Chemistry, National Research Council of Canada, 
Oitawa, Canada. Issued as N.R.C. No. 3185. 
2 National Research Laboratories Postdoctorate Fellow 1950-1952. Present address: Royal 
Military College, Kingston, Ontario. 
3 National Research Laboratories Postdoctorate Fellow 1952-1954. 
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tence of these reactions has been obtained by studying the decomposition of 
other compounds (1) which produce hydrogen atoms in the presence of an 
excess of toluene. 

The relative proportions of hydrogen, methane, and dibenzyl were found to 
be consistent with the above scheme. In addition, the hydrogen to methane 
ratio was found to be independent of temperature and conversion. 

The pressure of toluene was varied from 2.7 mm. to 13.7 mm. and the time 
of reaction from 0.235 to 0.905 sec. To test for first order behavior of the data, 
the rate constants were calculated assuming a first order rate and these values 
plotted on the usual Arrhenius plot. The data lay on a straight line with no 
systematic deviations with either pressure or reaction time. From this it was 
concluded that the reaction was first order. Homogeneity was demonstrated 
by packing the reaction cell with silica wool, thereby increasing the surface 
area 15 times. 

From the kinetics data, Szware calculated the following rate expression 


k=?.1 x 108 e777,500/RT soc-l, 


The activation energy was identified with the bond dissociation energy of the 
first hydrogen in toluene, and this was then used to calculate the standard heat 
of formation of the benzyl radical. 

In the present study the work of Szwarc on the pyrolysis of toluene has been 
repeated and extended in an attempt to assess the uncertainty in the figure 
for the heat of formation of the benzyl radical derived from measurements 
on the rate of this reaction. 


Apparatus and Procedure 

The flow type apparatus shown in Fig. | is similar to that used by Szwarc. 
Toluene was evaporated from A, which was held at constant temperature, 
through the capillary B into the reaction chamber C in a furnace, and then into 
traps E and F which were immersed in acetone — dry ice mixture and liquid air 
respectively. Noncondensable gases were compressed by the diffusion pump G 
and collected by the Toepler pump in the measured volume 7 where the pres- 
sure was measured with a McLeod gauge. 

The pressure in C was regulated by the capillary at D and measured with a 
wide diameter manometer, using a cathetometer for measurements. Throughout 
the work several reaction chambers were used, varying in size from a few cubic 
centimeters to 450 cc. The chamber used for the rate experiments listed below 
was 1.7 cm. in diameter and 24 cm. long. 

To prevent condensation of material not volatile at room temperature, the 
capillary D was surrounded by a box thermostated at 100°C. The line leading 
from this box to the trap E was heated to 100° also. 

For experiments where dibenzyl and other compounds were introduced into 
the toluene stream, a fine capillary and reservoir were connected as shown at /. 
This assembly was all glass and was surrounded by a thermostated box, thus 
making it possible to raise the vapor pressure of material, such as bibenzyl, 
high enough so that the flow could be easily regulated. 
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At the conclusion of a run the contents of traps E and F were combined. 
Solid material, such as bibenzyl, which had collected in the stem of trap E 
was washed down by refluxing the liquid in E. The trap was then cooled to 0°C. 
and everything volatile at this temperature transferred by distillation to a high 
efficiency vacuum still. Experience showed that this provided a sharp separation 
of the high and low molecular weight material. The residue from this distillation 
will be termed ‘nonvolatile material’. 

The low molecular weight material consisting of toluene, etc., was subjected 
to fractionation in the vacuum still. Here it was found possible to remove 
dissolved gases quantitatively. When present, these were characterized by the 
mass spectrometer. 

This still also permitted the concentration and determination of the benzene 
and the removal of the excess toluene from the higher boiling residue. 

To obtain the nonvolatile material, the trap was removed, weighed, and the 
contents washed out with a suitable solvent. The trap was then weighed again. 
Samples of dibenzyl passed through a warm furnace were completely recovered, 
thus proving the reliability of the method. 


Materials 

In all the work reported here, Phillips Research Grade toluene was used. 
Bibenzyl was supplied by Brickman and was purified by recrystallization from 
ethanol. 
Qualitative Observations 


Szwarc found that when toluene was pyrolyzed to about one per cent conver- 
sion and then distilled and pyrolyzed again, the rate had decreased the second 
time and products which had appeared the first time were not present in the 
second experiment. Moreover, he found that he could get consistent rate data 
from toluene obtained from different sources only by using the above procedure. 
He concluded that the first pyrolysis removed interfering impurities and hence 
purified all his toluene for rate measurements by this method, and named it 
prepyrolysis. 

In some pyrolytic reactions, such as that of butane, inhibiting materials are 
produced which are difficult to remove by distillation. The possibility that such 
materials may be produced in toluene, however, is not important because 
toluene itself is an excellent inhibitor at these temperatures and would be 
present in overwhelming proportions. From this point of view, prepyrolysis 
appears to be a valid way of removing impurities which are less stable thermally 
than toluene. Four repeat experiments were performed at constant temperature 
and contact time using distilled toluene from the preceding experiment each 
time. The data for these experiments are given in Table I. 

Noncondensable gases were formed in pyrolysis and collected and measured 
as indicated above. These were consistently a mixture of methane and hydrogen. 
It will be seen from Table I that the rate of production of these gases was 
higher in fresh toluene than in the prepyrolyzed material. At the temperatures 
used in the above experiments, it reached a stable value after one pyrolysis, 
but in other experiments where the conversion was lower, two or three successive 
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passes were needed to reach a steady value. These observations are consistent 
with the belief that an impurity is being removed. 

Analysis of the methane-hydrogen ratio for the experiments in Table I was 
made on a mass spectrometer, and it was found that the uncertainty in the 


TABLE I 








| Molar ratios of products 




















1.49 0.99 | 


Expt. | — — | — 
No. | Hydrogen | | Anthra- | Non- 
| +methane| Hydrogen | Methane | Benzene Styrene | cene | volatile 
| Toluene | Toluene | Toluene | Toluene | Toluene | Toluene | Toluene 
| «Ie X 10? x10? | X10? xX 104 | 10¢° | X10 
~ | = | | 
1 | 1.71 1.11 | 0.60 | 0.65 76 | — _ 
2 | 1.50 1.03 0.47 | 0.55 7.0 —- — 
3 1.49 0.99 0.50 | 0.55 6.5 — _ 
4 1.48 | 095 | 0.53 ° 0.53 68 |} — | — 
Average | | | 
2-4 0.50 0.55 | 6.8 | 3.4 | 1.10 





determination was larger than for a combustion analysis. The apparent increase 
in the methane production with successive pyrolysis as indicated in Table I 
is probably not real. Subsequent combustion analysis for a number of experi- 
ments showed the hydrogen content in the noncondensable gas to be 69% and 
this figure was essentially independent of reaction parameters such as tempera- 
ture and contact time. 

When the contents of the dry ice trap were distilled, four distinct fractions 
were obtained. The first fraction was made up of gaseous material which was 
shown by analysis on the mass spectrometer to contain numerous hydrocarbons 
with two to four carbon atoms. These materials did not appear in prepyrolyzed 
toluene and were not investigated further. 

The second fraction in the distillation was shown to contain benzene. This 
was characterized by its boiling point, freezing point, and ultraviolet absorption 
spectrum. Since it was very desirable to obtain a quantitative estimate of the 
benzene, the following procedure was developed. 

The fractional distillation was carried on until the vapor pressure indicated 
in the still head at 0°C. was that of pure toluene. The fraction so obtained was 
weighed and was found to contain between 15 and 50% benzene in toluene. 
The exact quantity was determined by spectrophotometric analysis. Tests with 
prepared solutions of comparable concentrations to those exp»c ted from pyroly- 
sis showed that by this method of concentration the quantity of benzene pro- 
duced could be estimated within 10%. This estimation was carried out only for 
the experiments listed in Table I, where the values found are recorded. 

The third fraction in the distillation was the toluene left over from reaction. 
No evidence of any other material was found in this. 

The fourth fraction or residue of the distillation was the one or two cubic 
centimeters left when the distillation was stopped. This was examined spectro- 
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Fic. 2. Absorption spectrum of the distillation residue. 


photometrically and, as shown in Fig. 2, there was distinct evidence of the 
presence of styrene. Most of the styrene spectrum is masked by the toluene 
which is present in large excess, but this one peak allowed its characterization 
and estimation. Again, this determination was carried out only for those experi- 
ments listed in Table I and the values found are shown there. In spite of their 
constancy, the absolute values are not reliable since no attempt was made to 
determine the amount of polymerization which might take place. 

It was observed that the nonvolatile material was an oil rather than the 
crystalline solid expected. Its ultraviolet absorption spectrum indicated a 
compound containing the diphenyl nucleus. A sample was distilled and a 
combustion, performed on a portion of the fraction having the strongest ultra- 
violet absorption, indicated a carbon to hydrogen ratio of unity. From this it 
was suspected that one or more isomers of dimethyl diphenyl were present. 

An oxidation produced a crystalline material which, when titrated with 
sodium hydroxide proved to have two acid groups per molecule, assuming the 
molecular weight of diphenic acid. The absorption spectrum of the oxidized 
material was stronger than that of the original, a fact which would be expected 
of diphenic acid but not benzoic acid. Thus it was established that the acid as 
titrated was not benzoic acid and hence could not have arisen from the oxidation 
of bibenzyl. 

A 1 gm. sample of the nonvolatile fraction was separated into several fractions 
chromatographically, and their boiling points and physical appearance indicated 
in Table II. 
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TABLE II 
DESCRIPTION OF CHROMATOGRAPHIC FRACTIONS INTO WHICH THE NONVOLATILE MATERIAL WAS 
DIVIDED 
| 
Fraction | Physical appearance Bw, *C. | Weight, gm. 
Sa SRaEOIEES Sana : | a% 
A | Colorless liquid | 271 0.272 
B Moist solid 280 0.490 
S | Liquid | 288 0.035 
D | Moist crystals } 0.027 
E | Solids (identified as anthracene) 





The melting and boiling points of the various isomers of dimethyl diphenyl 
are shown in Table III. 

In Fig. 3 are shown absorption spectra characteristics of the various fractions 
of the chromatogram. In Fig. 4 are shown the absorption spectra for the sym- 
metrical isomers of dimethyl diphenyl. 
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Fic. 3. Absorption spectra of the various fractions of the chromatogram of the nonvolatile 
a ogy Absorption spectra of the symmetrical isomers of dimethyl diphenyl. 

In addition to the above information, it was found, by making up synthetic 
mixtures, that in a chromatographic separation bibenzyl and 33’ dimethyl 
diphenyl are eluted together. 

From this information, it was concluded that fraction A probably was a 
mixture of 22’ and 23’ dimethyl diphenyl, fraction B was probably. bibenzyl 
and 24’ and 33’ dimethyl diphenyl, while fractions C and D may be mixtures 
of the more strongly absorbing isomers such as 33’, 34’, and 44’. 

Finally, bibenzyl was separated from fraction B by fractional crystallization 
from alcohol at 0°C. It was characterized by its infrared spectrum. 

From the chromatogram it may be concluded that the nonvolatile material 
contains more than one of the isomers of dimethyl diphenyl and that bibenzyl 
may make up as little as fifty per cent of the nonvolatile material. 
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TABLE III 
MELTING AND BOILING POINTS OF THE ISOMERS 
OF DIMETHYL DIPHENYL AND OF BIBENZYL 








Isomer M.p., °C. B.p., °C. 





| 

| 

| 

22’ Dimethyl! diphenyl | 17 258 

23’ Dimethyl diphenyl | 270-276 

24’ Dimethyl diphenyl | 273-288 
| 
} 


33’ Dimethyl diphenyl 283-288 

34’ Dimethyl diphenyl 15 295-296 

44’ Dimethyl] diphenyl] 122 288-289 
Bibenzyl 52 284 








Rate Studies 


For studies on the rate of pyrolysis of toluene, Szwarc’s procedure of measuring 
the sum of hydrogen plus methane was adopted. These two products are easy 
to collect and estimate and it has been demonstrated that the relative propor- 
tions of products do not vary with various conditions of pyrolysis. 

A series of experiments where the production of hydrogen plus methane was 
measured as a function of contact time, pressure, and surface conditions in 
the reactor, all at a fixed temperature of 1121°K., were performed. The data 
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Fic. 5. The variation of the first order rate constant with contact time. 
© Pressure about 1.2 cm. Hg. 
(1 Pressure about 2.0 cm. Hg. 


are recorded in Table IV as per cent decomposition assuming the Szwarc mech- 
anism. Calculated values of the first order rate constant are also listed. A plot 
of these data is shown in Fig. 5 where the calculated first order rate constant 
k (sec.—') is plotted against the contact time ¢(sec.). 

For experiments 5 to 9, the pressure was held constant and the contact time 
varied by changing the rate of flow; the results are indicated by the circles in 
Fig. 5. It will be noted that there is a definite variation of k with contact time. 
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Experiments 10 to 14 were performed with varying pressures and contact 
times. The results are represented by squares in Fig. 5, and it is possible there 
to separate the effect of the two variables. At low contact times the pressures 
were comparable with those of experiments represented by the circles. How- 

TABLE IV 


EFFECT OF CONTACT TIME, PRESSURE, AND SURFACE ON THE RATE OF FORMATION OF He AND 
CH, aT 1121°K. 

















| | 
Expt. Pressure, Contact time, % ki, 
No. | cm. Hg sec. Decomposition | sec.—! 
| | 
5 1.05 068 | 0.11 0159 
6 | 1.17 159 0.33 .0208 
7 1.24 ‘319 | 0.82 | 0256 
8 1.16 | 544 1.7 .0309 
9 1.21 | 568 | 1.7 | 0304 
10 | 1.90 | 154 | 0.32 | 0206 
11 | 1.63 | 267 | 0.66 | 0249 
12 2.26 | 375 1.15 | 0306 
13 2.28 | 398 1.20 | .0303 
i4 | 2.36 | 436 | 1.37 .0314 
| 
15 | 1.15 | . 164 | 0.603 | .0367 
16 | 1.17 . 164 0.544 .0332 
17 1.20 164 | 0.522 0318 





ever, at larger contact times, i.e. around 0.4 sec., the pressures in the 
experiments, represented by the squares, were higher and it will be noted that 
this has affected the rates, making them somewhat greater. 

For experiments 15 to 17, a piece of silica tubing was inserted in the reaction 
chamber. Experiment 15 was performed in the fresh clean chamber and it is 
comparable in pressure and contact time with experiment 6. It will be noted 
that the rate of decomposition has nearly doubled. Experiments 16 and 17 
were performed after the chamber had been subjected to conditions suitable to 
carbonizing, i.e. several experiments were conducted and toluene vapor allowed 
to stand in contact with the chamber for some time. It will be noted that this 
conditioning of the surface does affect the rate and presumably a steady value 
would eventually be reached. Experiments 5 to 17 were performed after many 
previous runs in the same reactor, and it is unlikely that there would be any 
variation in the surface conditions of the reactor throughout the series reported 
here. 

These experiments do indicate, however, that the calculated first order rate 
constant does vary with pressure, contact time, and the condition of the surface 
reactor. 

A series of experiments was performed in which the contact time was kept 
constant at .068 sec., and the temperature was varied. The first order rate 
constants were calculated; a plot of log k vs 1/T is shown in Fig. 6. An activation 
energy of 90 kcal. is indicated for the process. 


Note: This paper was prepared prior to the publication of Anderson, Scheraga, and Van 
Artsdalen, J. Chem. Phys. 21: 1258. 1958 in which they claim a value of 89.5 kcal./mole for the 
bond dissociation energy of the first hydrogen in toluene. The correspondence is coincidental as is 
shown by arguments presented here. 
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Fic. 6. The Arrhenius plot at constant contact time. 


GENERAL DISCUSSION 


The findings in the present work differ in some details from those reported 
by Szwarc, notably the identification of dimethyl diphenyl, the value for the 
activation energy, and the failure to obey a first order rate law. 

At first it was thought that the presence of dimethyl diphenyl indicated a 
possible imperfection in the reaction mechanism suggested by Szwarc. However, 
from work done on the pyrolysis of bibenzyl, which is reported in an appendix 
at the end of this paper, it was found that bibenzyl undergoes reactions in the 
furnace at the temperatures used which produce hydrogen and dimethyl 
diphenyl. Thus it might reasonably be assumed that dimethyl diphenyl is 
produced by side reactions of either benzyl or bibenzyl in the toluene pyrolysis. 

In Table I it will be seen that the amount of bibenzyl collected is significantly 
less than that predicted by the Szwarc mechanism. If, however, we refer to 
Fig. 8 of the appendix, we see that in the reactions of bibenzyl or benzyl a 
significant quantity of bibenzyl is lost also. In fact, for the bibenzyl to toluene 
ratios found in the experiments in Table V, the amount of bibenzyl lost is 
almost exactly the difference between the amounts found and the amount 
predicted by the Szwarc mechanism. Thus, it seems reasonable to assume 
that the loss of bibenzyl can be ascribed to side reactions of benzyl or bibenzyl 
in the toluene pyrolysis. 

The above side reactions were not observed by Szwarc and in anticipation of 
the criticism that unsuitable reaction conditions were used, it might be pointed 








308 CANADIAN JOURNAL OF CHEMISTRY. VOL. 32 


out that in the course of this work reaction vessels varying in size from about 
450 cc. (the size used by Szwarc) to: few cubic centimeters were used. Conver- 
sions from 0.075% to 3% were obtained and in no instance was the nonvolatile 
material found free ot dimcthyl diphenyl. Contact times were varied from 
10-* sec. to several seconds without marked effect on the production of dimethyl 
diphenyl. 

Szwarc introduced reaction [4] 


H + C.H;CH3 = CH; + CeHe [4] 


to explain the production of benzene and methane. This reaction has not been 
confirmed by any other system where a reliable source of hydrogen atoms 
existed under conditions of the toluene pyrolysis experiments. However, in the 
reactions of benzyl or bibenzyl to produce hydrogen as reported in the appendix, 
it is difficult to postulate a mechanism not involving hydrogen atoms because so 
little stilbene is formed. No methane is formed and the conclusion would seem 
to be that reaction [4] does not occur. 

If, in fact, the bond dissociation energy for CsH;CH2-H is significantly higher 
than the value suggested by Szwarc, it would then be reasonable to postulate 
reaction [6] as proceeding concurrently with reaction [1] and this would explain 
the occurrence of methane. , 


C.sH;CH3; me CoH; + CH; [6] 


The fact that the reaction has been shown to deviate from a first order rate 
expression makes it impossible to assign the observed activation energy to a 
specific step in the process. 


CONCLUSION 


The present observations on the products of the toluene pyrolysis are consis- 
tent with the basic mechanism suggested by Szwarc. However, the mechanism 
of the production of benzene and methane is not well established. 

The first order rate constants are greatly increased by an increase in contact 
time but seem to be only slightly influenced by increased pressure. The condition 
of the reactor surface also affects the rate of decomposition. 

In view of these major complications in the kinetics of this pyrolysis and the 
uncertainties in the mechanism, it seems premature to assign any definite value 
to the bond dissociation energy of toluene. 


APPENDIX 


Pyrolysis of Bibenzyl in the Presence of Toluene 


The identification of dimethyl diphenyls in the products of the toluene 
pyrolysis brings up the question of their origin. In order to determine whether 
or not they were products of reactions of benzyl radicals or bibenzyl, bibenzyl 
was pyrolyzed in toluene under conditions similar to those where toluene 
pyrolysis has been studied. 

These experiments were carried out in the same apparatus used for the toluene 
studies but modified so that bibenzyl could be added to the toluene stream in 
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controlled amounts. This was done as shown in Fig. 1. Bibenzyl was degassed 
in a sample tube with a delicate internal seal which could be broken with the 
help of a magnet and a sealed-in armature. This arrangement eliminated the 
use of grease for joints and could be heated to high enouch temperature so 
that an appreciable vapor pressure of bibenzyl was produced. The whole assembly 
was enclosed in a thermostated box, and flow rates of bibenzyl were regulated 
by manipulating the temperature of the box. 

Products of reaction were analyzed as above. Since the amount of bibenzyl 
introduced was known it was possible to determine the amount lost in reaction. 

Only a limited number of experiments were done and these are reported in 
Table V. Experiments 1 to 4 were performed at the same temperature but with 
varying concentrations of bibenzyl. At this particular temperature and contact 
time, toluene is pyrolyzed to the extent of 0.73%. Blank runs with toluene were 
made and the contribution of toluene to the products has been subtracted for 
all products listed in Table V. 





























TABLE V 
DATA FOR THE PYROLYSIS OF BIBENZYL 
| | | a ilt | Anth | e | ae Optical 
: | | Stilben Anthracen a 
Expt. | BB/T | Pres- |Temp., | H2/BB| ‘| ee “ time | density 
No. X10? | sure, | | BB BB ’ BB X10? | per 
rin. | X10? | xX 102 sec. | mgm./I. 
| | | X10 
ene eae: eee ee | 
| | | 
| | 
1 0.315 9.90 1170 | 0.103 2.14 0.86 0.47 7.08 | 0.68 
2 0.631 9.80 1170 | 0.156 | 2.98 | 1.05 0.114) 7.03 | 1.33 
3 1.72 9.80 1169 | 0.199 | 1.82 1.25 0.248 | 6.98 1.95 
+ 5.46 9.98 1169 | 0.203 | 2.38 1.25 0.386 | 7.07 | 2.81 
5 0.776*| 12.47 1170 | 0.155*} 42.0* | 0.88* | 0.387*| 7.23 | 2.54 
6 | 0.283 | 10.6 | 1098 | 0.113 | | 0.0 7.21 | 0.78 
7 1.33 9.8 1118 | 0.065 | | 0.184; 7.28 | 1.03 
8 1.33 9.8 1150 | 0.19 | 0.180 7.28 | 1.55 
| } 








*Toluene was replaced by carbon dioxide. 
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Fic. 7. The effect of the bibenzyl to toluene ratio on the production of hydrogen and the 
loss of bibenzyl. 
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Fic. 8. The effect of the bibenzyl to toluene ratio on the optical density of the nonvolatile 
fraction at 2515 A. 


Experiment 5 was performed substituting carbon dioxide for toluene. The 
carbon dioxide was collected in a liquid air trap instead of the dry ice acetone 
used for toluene. 

Experiments 6 to 8 were performed at lower temperatures to give some 
indication of the effect of temperature on the various products. 

The various conversions are plotted as a function of the bibenzyl to toluene 
ratio in Figs. 7 and 8. 

Observations 


It will be noted that no methane is formed in the reactions involving benzyl 
and bibenzyl. 

Hydrogen is formed in relatively large quantities compared to stilbene and 
anthracene. Also the presence or absence of toluene has little effect on the 
hydrogen produced. The production of hydrogen appears to reach a limit of 
about 20%. If the production for experiments 3 and 8 is compared, this figure 
does not seem to be much affected by temperature. However, the data are too 
sparse to draw any definite conclusions here. 

The production of stilbene, which was determined by its ultraviolet absorption 
spectrum, does not seem to be much influenced by the ratio of bibenzyl to toluene 
in the range investigated. However, in the absence of toluene as shown in experi- 
ment 8, the yield is increased many times. 

Anthracene production, also determined by its ultraviolet absorption spec- 
trum, does not seem to be affected by any of the reaction parameters studied. 

The disappearance of bibenzyl, presumably in the form of toluene or benzene, 
is interesting and the magnitude of this loss is of special interest in deciding on a 
mechanism for the toluene pyrolysis. In Fig. 7 the result for experiment 1 is 
ignored since it is so far out of line with the other observations. There was, in 
fact, some difficulty in the measurement of this particular value. 

The loss seems to increase as the proportion of bibenzyl increases. When the 
ratio of bibenzyl to toluene is about 0.01, the loss of bibenzyl is about 15%. 
In the absence of toluene, the loss is much greater as indicated by experiment 5. 

The determination of the absorption spectrum showed that the same opti- 
cally active species produced in toluene pyrolysis was present, i.e. dimethyl 
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diphenyl. A relative measure of its proportion can be obtained by expressing the 
optical density of a solution of the nonvolatile fraction of fixed concentration 
in ethanol. This has been done, as shown in Table V, the units chosen being 
1 mgm./liter for concentration and a wave length of 2515 A, which is the peak in 
the absorption curve. 

From Fig. 8 it can be seen that the optical density of the nonvolatile product 
increases steadily with increasing proportions of bibenzyl. Experiment 5 shows 
the production of dimethyl diphenyl! to be increased in the absence of toluene. 
Experiments 6 and 8 show it to be definitely affected by temperature. 

The optical density of bibenzyl at this wave length is about 1.2 x 107° 
which is one order smaller than the figures found for the nonvolatile material. 


Discussion 





The data are too meager to permit detailed discussions, but some points have 
been established. 

1. No methane was formed in the presence of toluene, although considerable 
hydrogen was produced. In view of the fact that there was more hydrogen than 
stilbene, it seems likely that hydrogen atoms were in existence at some time in 
the’ reaction. This would seem to cast some doubt on the feasibility of the 
reaction ; 

H a C.H;CHs3 i CeHe a CH:3. 

2. Benzyl. radicals or bibenzyl can take part in secondary reactions at the 
temperatures where toluene pyrolysis takes place. This results in the loss of 
bibenzyl and the production of hydrogen and dimethyl] diphenyls. 

3. Some reactions such as stilbene formation and loss of bibenzy] are difficult 
to explain without assuming the presence of bibenzyl molecules in the system. 

4. We are indebted to Dr. M. Szwarc for the suggestion that styrene and 
dimethyl diphenyl might arise by an intramolecular hydrogen transfer in 


bibenzyl. 
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ESTIMATION OF CARBOXYL, ALDEHYDE, AND KETONE 
GROUPS IN HYPOCHLOROUS ACID OXYSTARCHES' 


By Mary E. McKILLICcAN? AND C. B. PURVES 


ABSTRACT 


Purified wheat starch was oxidized at room temperature in approximately 
0.05 to 0.09 M hypochlorous acid, preferably buffered to pH 4.0 or 4.2 with 
calcium acetate — acetic acid. The chemical efficiency of the oxidant was at least 
56%. The fractions of oxystarch, insoluble and soluble in water, were isolated in 
a combined yield of 93% to 95%. 

So prepared, the water-soluble fraction (about 75% of the oxystarch) contained 
45 to 58 mM. of carboxyl groups per anhy droglucose unit, probably all as uronic 
acid. Carbonyl groups amounted to 52 to 54 mM., 65% to 80% being aldehydes 
in the primary alcohol positions, and roughly 9% being ketone groups in the 
second positions. Between 80% and 90% of the total oxidation therefore concerned 
primary alcohol groups. Various estimations for carboxyl, total carbonyl, and 
aldehyde groups were compared. 


INTRODUCTION 

Although technical information is readily available about the use of chlorine 
water and aqueous hypochlorite for the preparation of valuable starch dex- 
trins (16, 17, 21), knowledge concerning the detailed chemistry of the oxida- 
tions is still scanty. According to Craik (5), Fletcher and Taylor (10), and 
Samec (23, 24), chlorine water or hypochlorous acid oxidized starch granules 
or ‘‘beta-amylose”’ (the “‘branched chain”’ fraction) at 10° to 25°C. very slowly 
and after induction periods of varying length. The viscosity and the osmotic 
molecular weight of the starch decreased, but the lability toward alkali, the 
reducing power, and the acidity increased. The rate of oxidation was greatest 
in a neutral system; the reducing power sometimes passed through a maximum 
(10, 16), and about half of the carboxy! groups were of the uronic acid type (15). 
Oxidations with alkaline hypochlorite yielded less viscous dextrins of smaller 
reducing power and with fewer carboxyl groups (7, 15, 22, 25), probably be- 
cause the alkali cleaved the oxystarch molecules at their reducing units to 
readily soluble substances. 

The object of the present research was to prepare in a reproducible way a 
highly reducing, hypochlorous acid oxystarch with a minimum amount of 
degradation and to study the product by methods already described in detail 
for chromic acid oxystarch (6). It was therefore considered advisable to avoid 
the use of heterogeneous systems containing unbroken starch granules, to use 
the shortest practical time of oxidation, and to carry out the reaction on the 
acid side of neutrality at a controlled pH. The last-named factor appeared 
particularly important, because the equilibria 

1 Manuscript received December 8, 1958. 
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Cl, + HO H+ + Cl- + HOC! 
HOCI= H* + OCI- 


contained three oxidants that might not have the same chemical action. 
According to the review by Green (13), at 25°C. the equilibria contained 20% 
of molecular chlorine at pH 2, at least 95% of undissociated hypochlorous acid 
between pH 4 and 5, and even greater amounts of the dissociated hypochlorite 
ion in the alkaline range. 

A purified, thin-boiling wheat starch was accordingly oxidized in an appar- 
ently homogeneous, dilute dispersion with an excess of hypochlorous acid, and 
the reduction of the acid was followed with concordant results either iodo- 
metrically or by the arsenite method. The fact that blank oxidizing solutions 
containing no starch decreased in titer when kept on the acid side of pH 5 
(Table 1) created an ambiguity in the calculation of the millimoles of hypo- 
chlorite reduced (or of oxygen atoms consumed) per anhydroglucose unit in 
the starch. Neglect of the change in the blank, which led to the first figure in 
column 4, was equivalent to the assumption that the presence of the starch 
prevented the spontaneous decomposition of the hypochlorite, just as the 
presence of cellulose seemed to stabilize solutions of hydroxylamine hydro- 
chloride (12) and of sodium cyanide (4). The second figure in column 4, which 
took account of any decrease in the blank, occasionally led to the erroneous 
conclusion that the oxidation decreased with time (e.g. Expt. 6). The first 
figure was probably a better approximation than the second to the true extent 
of the oxidation. Although only one example is quoted for each oxidation, 
duplicate or triplicate experiments were performed in each case with results 
that in general agreed to within +5%. : 

The oxystarches described in Table I were isolated as calcium salts insoluble 
(column 5), and soluble (column 6) in water, the latter fraction being precipi- 
tated by the addition of two volumes of ethanol to the mother liquor. Although 
the total yield at pH 1 was high (column 7), the blanks were very unstable 
and the oxidation was slow. Oxidations with unbuffered hypochlorous acid 
were less reproducible than the others; a suspension of calcium carbonate 
proved inadequate as a buffer, and phosphate buffers were rejected because no 
satisfactory way was found of eliminating the phosphate ion from the product. 
Details of these oxidations have been omitted from the Experimental portion. 
Calcium acetate — acetic acid buffers at pH 4 to 4.2 were found to be most 
convenient; the oxidation proceeded rather rapidly, the blanks were fairly 
stable, and the products were readily isolated. Such oxidations gave 93% to 
95% yields of oxystarch near pH 4, but, near pH 5.5, were extensive enough 
to diminish the total yield to 78%. When the water-insoluble products from 
oxidations at pH 4.2 and 4.0 were reoxidized under the original conditions, 
the new yields were 48% and 52% of water-soluble, and 16% and 17% of 
water-insoluble oxystarch, corresponding to over-all recoveries of 64% and 
69%, respectively. In these cases about one-third of the oxystarch became 
soluble in 60% ethanol when reoxidized. 

Since the water-soluble fractions from the oxidations had been kept in the 
form of calcium salts, incineration left a residue of calcium oxide the weight 
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TABLE I 


VOL. 


22 


3 





OXIDATION OF 0.123 M STARCH SOLUTION WITH HYPOCHLOROUS ACID NEAR 20°C. 








Millimoles HCIO 


Oxystarch, %° 



























































Expt. | Hours | — 
| Blank? | Consumed? Insol. | Sol. | Total 
Hydrochloric acid: pH 1; initial blank 73.5 mM“. 
‘ z= l 
- 18 | 55.4 | 283-152 45.2 | 46.9 | 92 
Unbuffered: pH 3.3 to 1.4; initial blank 62 mM. 
l l 
.. 7 2 | 61 | 43- 34 | 
18 | 59 43-17 | 
24 | 59 52- 26 
66 | 59 330-300 — | 78° | — 
| | 
Calcium carbonate: pH 6.1 to 3.4; initial blank 67 mM. 
| 
3 9 62.5 | 250-215 | 
12 62.5 | 254-220 5.4 | 49.5 55 
Calcium acetate: pH 4.0; initial blank 124 mM. 
| 
4 | 6 19 | 160-120 | | 
9 118 220-170 
| 12 118 | 220-170 18.£ 77 95 
| 
Calcium acetate: pH 4.2; initial blank 105 mM. 
5 | 9 91.5 275-165 | 
12 91.0 278-165 17 75.5 | 93 
| | 
Sodium phosphate: pH 5.2) ; initial blank 49.3 mM. 
6 | 16 47.4 | 265-250 
24 39.5 | 300-220 
36 30.2 | 340-185 799 60" | — 
Calcium acetate: pH 5.6 to 5.2; initial blank 70 mM. 
7 | 6 | 70 300 
| 9 | 70 390 6 72 | 78 
| 








*In millimoles of hypochlorous acid per liter. 
Milliatoms of oxygen per glucose residue. 


° Fraction insoluble in water, and fraction soluble in water, insoluble in 60% ethanol. 


4 Solution 0.137 M in starch. 


©Contained 10.8% of ash. Insoluble fraction not isolated. 
SDisodium hydrogen phosphate, 0.6 M, plus phosphoric acid. 


9 Nondialyzable fraction. 


hSoluble fraction from a duplicate experiment. Ash content 30%. 


of which was equivalent to the total carboxyl content of the oxystarch (8). 
An alternative estimation, in which the calcium was precipitated as the oxalate 
(2, 11) gave concordant results (Table II). A comparison of columns 4 and 5 
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TABLE II 
CARBOXYL AND CARBONYL CONTENTS OF OXYSTARCH FRACTIONS SOLUBLE AND 
INSOLUBLE IN WATER 








| Millimoles COOH®% Millimoles CO* 






































Expt. Fraction | % Ca? | ———— 
| | Total | Uronic® | NH,OH.HCI | HCN 
1 Hydrochloric acid, pH 1 
| ) | : : 
| Soluble | 0.40 33 | 20 | — 
| Insoluble | 234 14 — 
| | | 
3 Calcium carbonate, pH 6.1-3.4 
| | 
Soluble 1.21 100 144 ; — 
Insoluble | 62¢ | 70 — 
4 Calcium acetate, pH 4.0 
| | | 
Soluble 0.545 45 \ | 58 52.3 | 50.8 
| 0.530° | 44, f | | 
| Insoluble | 32? | | 11.2 -— 
5 Calcium acetate, pH 4.2 ; 
| | | 
| Soluble 0.715 59 \ 76 | 54 | 54.4 
| | 0.700 57. f | | 
| Insoluble | | 474 57 | = 
7 Calcium acetate, pH 5.5-5.2 
| Soluble 1.44 118 — 58 iE 
| Insoluble — 624 | 0 — 


1 ' 





*Per anhydroglucose unit (mol. wt., 162) of starch. 
By ashing sample. Corrected for 0.11% ash in original starch. 
°As oxalate. 
4By calcium acetate method. 
°Analyses by A. S. Perlin. Corrected for 0.4% of apparent uronic acid groups in original starch. 


suggested that most, if not all, of the carboxyl groups were of the uronic acid 
type. Little importance was attached to the 30% discrepancy between the 
figures for total carboxyl and for uronic acid, because the latter estimation 
was often inaccurate when applied to plant materials (28) and to oxycelluloses 
(19). The insoluble fractions were converted to the acidic oxystarches, whose 
carboxyl content was measured by the amount of acetic acid that they 
liberated in a calcium acetate solution. 

The total carbonyl content of the oxystarches was determined by conden- 
sation with hydroxylamine hydrochloride (liberation of hydrochloric acid), 
and also by the saponification of the cyanohydrin to ammonia (4). Since the 
agreement was good (Table II, columns 6 and 7), it appeared that the hydroxy]l- 
amine hydrochloride estimation was valid for hypochlorous acid oxystarches, 
whereas this estimation gave low results with chromic acid products (6). 
Table II shows that the soluble fraction was usually more highly oxidized 
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than the insoluble fraction of the oxystarch, and that the latter fraction was 
practically nonreducing when prepared at pH 5.5. 

If it was assumed that all of the carboxyl groups originated from primary 
alcohol units in the starch, each group represented the consumption of two 
atoms of oxygen from the hypochlorous acid. The data in column 4 of Table IT, 
when multiplied by the corresponding fractional yields of the soluble and 
insoluble portions of the oxystarches (Table I, columns 5 and 6), gave the 
results shown in column 3 of Table III. In the same way, column 4 of Table III 


TABLE III 
RECOVERY OF OXIDANT IN HYPOCHLORITE OXYSTARCHES 





















































Milliatoms, oxygen recovered® Milliatoms, Oxidant 
Expt. Fraction SS ] —  ——_ oxygen | recovered, 
As COOH? As CO*% Total? expended? | % 
"1 Hydrochloric acid, pH 1 _ 
| Soluble 31 9.4 
Insoluble 21.7 6.3 68.4 280-150 24-47 
‘ 3 Calcium covbouste, pH 6.1-3.4 _ 
Soluble | 100 | 72 | 
Insoluble | 6.2 3.5 182 254-220 72-83 
_ 4 Calcium acetate, pH 4.0 
Soluble | 70 40 
Insoluble | 12 2 124 | 220-170 56-73 
5 Calcium acetate, pH 4.2 = iis 
Soluble 87.6 | 40.8 
| Insoluble 16.5 | 10 145 278-165 | 52-88 
| | | | 
7 Calcium acetate, pH 5.5-5.2 
| Soluble | 170 | 41.8 | | 
| Insoluble ome 4 0 219 | 390 56 





* Multiplied by fraction yields of soluble and insoluble portions (Table I). 
Two atoms of oxygen assumed to produce one carboxy group (Table II). 
“One atom of oxygen assumed to produce one carbonyl group (Table I). 
Per anhydroglucose unii in oxystarch. 

°From Table I. 


denoted the amount of oxidant corresponding to the carbonyl contents, each 
carbonyl group requiring the expenditure of one atom of available oxygen. 
The total expenditure for each oxidation was then expressed as a percentage of 
the hypochlorous acid reduced (column 6), the range in percentage being 
created by the range of values noted in Table I, column 4. These percentages 
show that much of the hypochlorous acid was expended in oxidizing a relatively 
small portion of the starch to substances soluble in 60% ethanol (7, 10). 











y 
). 
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Even so, the efficiency of 52% to 88% noted in the oxidations at pH 4.0, 4.2, 
and 5.5 compared favorably with the values of 35% to 55% found for similar 
oxidations of cellulose (18). 

As already noted, the total carbonyl contents of the water-soluble oxystarch 
fractions made at pH 4 and 4.2 were 54 and 52 mM. per glucose unit, respec- 
tively. When reoxidized with alkaline hypoiodite in an attempt to determine 
the aldehyde groups selectively, no less than 109 and 92 mM. of apparent 
aldehyde were found. Thus hypochlorite oxystarches, unlike chromic acid 
products (6), were too sensitive toward alkali to be examined satisfactorily in 
this way. Titrations of the amount of sodium bisulphite solution ‘“‘bound”’ by 
the oxystarch fractions, however, showed that 30 mM. of apparent aldehyde 
was present in each oxystarch fraction. The best method found was to re- 
oxidize the starch fractions in almost quantitative yield with excess chlorous 
acid and to assume that the remaining carbonyl groups were all ketone groups. 
Hydroxylamine hydrochloride estimations made on the calcium salts then 
showed that 16, 21, and 19.3 mM. of ketone groups, or 30 +5% of the total 
carbonyl groups, were present in the starch originally oxidized with hypo- 
chlorous acid at pH 4. Ketone groups amounting to 10, 12, and 13 mM. per 
glucose unit, or 22 +3% of the total carbonyl content, were found in the sample 
oxidized with hypochlorous acid at pH 4.2. Since there was evidence that 
most, if not all, of the 45 and 58 mM. of carboxyl groups in the two oxystarches 
were derived from aldehydes, 80 to 90% of the entire oxidation of starch with 
hypochlorous acid had occurred in the sixth or primary alcohol positions of 
the anhydroglucose units. The assumption, of course, was that hypochlorous 
acid did not oxidize starch to the 2,3-dialdehyde structure produced by highly 
selective agents like periodic acid. 

The previous adaptation (20) of Kiliani’s classic method of locating the 
ketone group in fructose was used to determine the position of some of these 
groups in the above oxystarches. A large, composite sample, averaging about 
16 mM. of ketone per anhydroglucose unit, was condensed with aqueous 
sodium cyanide, and the nonreducing adduct was hydrolyzed to glucose and 
sugar acids with dilute sulphuric acid. The reducing power of the hydrolyzate 
corresponded to an 84.5% yield of glucose when estimated by Hassid’s (14) 
method employing alkaline ferricyanide. Since the theoretical yield from 
unoxidized starch was 105%, about one-fifth of the oxystarch adduct probably 
consisted of difficultly hydrolyzable aldobiuronic or aldotriuronic acids. These 
acids were isolated as light-brown, amorphous barium salts in 23.6% yield by 
weight, and their barium content of 17.2% was in the expected range. The 
barium in the salts amounted to 4.06% (17.2% X 23.6%) of the oxystarch, in 
fair agreement with the value of 4.4% calculated from the original carboxyl 
plus carbonyl substitution. 

The barium salts were then reduced with red phosphorus and constant- 
boiling hydriodic acid to partially iodinated substances, which were further 
reduced with caustic soda and Raney nickel — aluminum to hydrocarbon acids 
and lactones. The resulting pale yellow oil (2.6% of the oxystarch) when 
fractionally distilled gave 14°% of a fragrant, colorless oil with a composition 
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close to that of a heptanoic lactone. The boiling point, density, and refractive 
index of this product diverged clearly from those recorded for the isomeric 
lactones of 2-ethyl 4-hydroxypentanoic and 4-hydroxy-n-heptanoic acid 
(expected from 3-keto and 6-aldehydo units; respectively, in oxystarch), but 
agreed well with the constants for the lactone of 2-methy! 4-hydroxyhexanoic 
acid. This identification was completed by preparing a crystalline hydrazide 
from the oil. Since an oxystarch averaging 16 mM. of ketone groups could 
theoretically yield 1.24% of the above lactone, and (2.6% X 14%) 0.364% 
was actually recovered, about 30% of the ketone groups were in the second 
positions of the anhydroglucose units. This estimate was a minimum because 
the recovery of the lactone from pure fructose was only 70%, and the proper 
value was probably near 40%. On the other hand, the latter figure would be 
excessive if the lactone isolated from the oxystarch was not as pure as it seemed 
to be. 
EXPERIMENTAL 

Materials 

The starch used was prepared from wholly unbleached and untreated top 
patent wheat flour, milled from a hard red spring wheat mixture, comprised of 
No. 2 and No. 3 Northern grades, and containing about 13.5% of protein. 
Extraction at room temperature with changes of 97% acetic acid (6) removed 
any fats, modified the starch to a thin-boiling state, and altered the analyses 
from N, 0.09, 0.10; ash, 0.19, 0.19% to N, 0.03, 0.03; ash, 0.11, 0.12% for the 
purified product. 

Hypochlorous acid was prepared by adding 40 gm. of calcium hypochlorite, 
or the equivalent amount of the sodium salt, to 2 liters of cold water saturated 
with chlorine gas (27). When distilled under diminished pressure and at pH 5, 
the mixture yielded about 600 ml. of 0.09 to 0.12 N acid. The reagent grade 
acetic acid used in the buffers was freed of any readily oxidizable impurities 
by being boiled with 2% of chromium trioxide before it was redistilled. 
Analytical Methods 

Hypochlorous acid was estimated by acidifying a 5 ml. aliquot, adding 5 ml. 
of 10% potassium iodide, and titrating the liberated iodine with 0.1 N sodium 
thiosulphate. When any chlorite or chlorate was to be excluded from the 
estimation, the 5 ml. aliquot was added to 20 ml. of standard 0.1 N arsenious 
oxide in neutral solution. An excess of sodium bicarbonate was added, and the 
excess arsenite was titrated with 0.05 N iodine (1). A starch oxidized at pH 4 
(Table 1) consumed 15 to 18 mM. of hypochlorous acid per anhydroglucose 
unit as estimated iodometrically, and 16 to 18 mM. by the arsenite method. 
The results for a sample oxidized at pH 4.2 were 14 to 22, and 18 to 21 mM., 
respectively. 

To determine the carboxyl content of calcium salts of the oxystarches, 
0.2 gm. to 0.5 gm. samples were ignited to constant weight at 750°C. (about 
5.5 hr.). The ash was weighed as calcium oxide, the result was corrected for 
the 0.1% of ash in the original starch, and one mole of the oxide was assumed 
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to correspond to two carboxyl groups. An alternative procedure was to digest 
a 1.0 gm. sample in nitric and perchloric acids (11), precipitate the calcium as 
the oxalate, and titrate a solution of the latter in sulphuric acid with standard 
potassium permanganate (2) (Table II). 

Estimations for free carboxylic acid groups were made as described by 
Yackel and Kenyon (29) and for total carbonyl, aldehyde, and ketone groups 
according to Ellington and Purves (6). 

Preparation of the Oxystarches (Table 1) 

Before each oxidation, the purified starch (10 gm.) was suspended in 50 ml. 

of cold water and was dispersed by adding 100 ml. or 150 ml. of boiling water. 


The mixture was heated on a steam bath for 10 min. and was cooled before 
use. All oxidations were carried out at room temperature in the dark. 


Buffered at pH 1 


A dispersion of 10 gm. of starch in 150 ml. of water was mixed with 25 ml. of 
concentrated hydrochloric acid diluted 1 : 1 by volume with water, and with 
275 ml. of approximately 0.1 M hypochlorous acid. The mixture was therefore 
0.137 M in starch and about 0.06 M in hypochlorous acid. 

After 18 hr. an excess of aqueous calcium acetate was added to form the 
calcium salts of the oxystarch, and the mixture was poured into two volumes 
of ethanol. The precipitate was removed on the centrifuge, was extracted with 
water, and the water-insoluble portion was isolated by centrifuging again. The 
addition of two volumes of ethanol to the mother liquor precipitated the water- 
soluble portion, which was washed in succession with alcohol and ether and 
was dried in vacuo over phosphorus pentoxide. Average yield 47% by weight. 
The water-insoluble portion was freed of ash by immersion in 0.1 N hydro- 
chloric acid at 0°C. for 30 min., and was recovered by pouring the suspension 
into cold ethanol. The precipitate was washed with ethanol until free of the 
chloride ion, then with ether, and was dried im vacuo over phosphorus pent- 
oxide. Average yield, 45%. 

Calcium Acetate Buffers, pH 4.0, 4.2, and 5.5 


The buffer for the oxidations at pH 4.0 was prepared by mixing 500 ml. of 
aqueous calcium acetate (132 gm., 2.7 N) with 250 ml. of glacial acetic acid; 
those at pH 4.2 required 125 ml. of the acid, and those at pH 5.5 only 5 ml. 
Ten grams of the starch, dispersed in 150 ml. of water, was mixed with 100 ml. 
of the buffer and with 250 ml. of the hypochlorous acid. The final dispersions, 
which were 0.123 M in starch and 0.07 M to 0.085 M in hypochlorous acid, 
retained their original pH for at least 12 hr. 

The oxystarches were isolated by adding two volumes of ethanol to the 
dispersions, and were separated into water-soluble and water-insoluble fractions 
as described for the oxidation at pH 1. 


Reduction of Oxystarch Cyanohydrin to 2-Methyl 4-Hydroxyhexanoic Lactone 


About 150 gm. of the water-soluble calcium salts of starch oxidized at 
pH 4 or pH 4.2 with hypochlorous acid was thoroughly mixed and analyzed. 
This oxystarch averaged 53 mM. each of carboxyl and carbonyl groups per 
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anhydroglucose unit, and about 30% of the latter were ketones. The published 
method (20) was followed, with the exceptions noted below. 

Ten grams of the oxystarch was kept dispersed in 300 ml. of aqueous 0.38 V 
sodium cyanide at pH 9.5 for 24 hr. at room temperature. The resulting solu- 
tion of the cyanohydrin, which was almost completely nonreducing to Hassid’s 
(14) alkaline -ferricyanide reagent, was freed from ammonia and hydrogen 
cyanide, and was hydrolyzed with boiling 0.5 N sulphuric acid for 5.5 hr. 
After eliminating sodium and calcium ions as the sulphates, the sulphuric acid 
and the sugar acids were neutralized with barium carbonate and the clarified 
filtrate was cautiously evaporated under diminished pressure to a thick sirup. 
Considerable difficulty was experienced in removing sugars from this sirup, 
because the barium salts of the sugar acids also present tended to precipitate 
as a sirup from 70% ethanol. These salts (2.36 gm.) were eventually isolated 
as a light brown, reducing, powder. Found: Ba (as sulphate), 17.1, 17.3%. 
Calc. for a barium aldobiuronate, (Cj2H190;2)2Ba: Ba, 16.8%. 

An accumulation of 20 gm. of the above barium salts was heated for three 
hours under gentle reflux with 160 ml. of constant-boiling hydriodic acid and 
4 gm. of red phosphorus. Water (75 ml.) was then added through the condenser 
and after being cooled the liquor was saturated with ammonium sulphate and 
was thoroughly extracted with ether. The dried extract was filtered through 
glass wool to remove particles of phosphorus and was allowed to evaporate at 
room temperature and atmospheric pressure, since the product was found to 
be quite volatile. This product was dissolved in 160 ml. of 2 N sodium hydroxide 
and was freed from combined iodine by the gradual addition of 3 gm. of Raney 
nickel — aluminium alloy (26). When the strongly acidified filtrate was con- 
tinuously extracted for three hours with ether, the extract vielded 2.25 gm. 
(11.38%) of a clear, pale vellow oil. 

A part of this oil (1.28 gm.) was fractionally distilled from a semimicro 
apparatus (3) specially built by N. Allentoff, of Science Service, for distilla- 
tions under diminished pressure. The first fraction, 0.181 gm. (14%), boiled at 
44° to 49°C. at 2 mm. pressure, or at 50° to 54°C. at 4 mm.; the refractive index 
was 7;,, 1.4320, and the density, d** 0.9801. Found: C, 59.9; H, 8.6%; mol. wt. 
(Rast), 136; neutralization equivalent, 132. Calc. for a heptolactone C7H 1202: 
C, 65.6; H, 9.4%: mol. wt., 128. Synthetic 2-methyl hexanoic lactone-1,4 
boiled at 48° to 49°C. (2 mm.), had 73%, 1.4332 and d® 0.9806 (20). The boiling 
point and density of n-heptolactone were 61° to 67°C. (2 mm.) and d, 0.9948, 
respectively, while the density of the isomeric 2-ethyl pentanoic lactone-1,4 
was d, 0.992 (9). A sample of the first fraction yielded a crude hydrazide, 
which after recrystallization melted at 114° to 120°C., undepressed by ad- 
mixture with an authentic sample of 2-methyl 4-hydroxvhexanoic hydrazide, 
ni.p. 119° to 121°C., kindly supplied by A. S. Perlin. 

The second fraction from the above distillation, 0.192 gm. (15%), boiled 
at 70° to 75°C. (4 mm.), and had a refractive index, 77°, 1.4405. Found: C, 57.1; 
H, 8.3°%; neutralization equivalent, 148. Calc. for the lactone of a dihydroxy- 
heptanoic acid, C7H,2O3: C, 58.3; H, 8.2%; neutralization equivalent, 144. 


Apparently the reduction with hydriodic acid had not been quite complete. 
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IRRADIATION OF AQUEOUS CHLORAL HYDRATE 
SOLUTIONS WITH Co” GAMMA-RAYS: 


AVERAGE LIFETIME OF THE FREE RADICAL CHAINS' 


By G. R. FREEMAN, A. B. VAN CLEAVE, 
AND J. W. T. Spinks 


ABSTRACT 


When aqueous one molar chloral hydrate solutions are irradiated with X rays 

or gamma-rays, hydrochloric acid is produced. The reaction appears to be a 

‘chain reaction. The average free radical chain lifetime, as determined using a 
rotating sector, is approximately 0.1 sec. 


INTRODUCTION 


When aqueous one molar chloral hydrate solutions are irradiated with 
X rays or gamma-rays, hydrochloric acid is produced. The reaction appears 
to be a chain reaction, and it has been suggested that the average free radical 
chain lifetime is greater than 1/180 sec. (3). The present paper describes the 
determination of the average free radical chain lifetime using a rotating sector. 

The use of intermittent illumination to measure the lifetime of the active 
particles in photochemical chain reactions was suggested by Chapman, Briers, 
and Walters (2). Modifications and extensions of the theory have been made 
by Melville (5) and Dickinson (6). The theory can be applied directly to the 
use of intermittent radiation in radiation chemistry. 

The effect of intermittency has been worked out for a simple four step 
mechanism in Noyes and Leighton (6, p. 203), and a simplification of this 
has been elaborated by Burnett and Melville (1). They state that the theory 
is applicable to all chain reactions in which the rate varies directly with the 
square root of the light intensity. 

The average lifetime of the chains, 7, is defined as 


No. free radicals per unit volume 





r= 2 
No. free radicals disappearing per unit volume per unit time 


This average lifetime varies with the temperature and with the light  in- 
tensity (1,5). 

For very high rates of sector rotation, the reaction rate is independent of 
the rate of rotation. As the rotation velocity of the sector decreases, the value 
of b, the ratio of the length of the period of illumination to the average lifetime 
of the chains under steady illumination of the same intensity, increases, and 
when 6 is approximately equal to one, the reaction rate begins to decrease. 
When 6 is approximately one hundred, the reaction rate has reached its lower 
steady value, and is again independent of sector speed. The value of 3} at 

1 Manuscript received November 28, 1958. 
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which the reaction rate begins to decrease depends upon the ratio 

length of dark period 

length of light period — 
The factor } decreases as this ratio increases. When the ratio of dark to light 
is two, the reaction rate begins to decrease when 0 is about one (6). 

Thus, to determine the average lifetime of the chains in a chain reaction 
which obeys the square-root law, it is only necessary to measure the reaction 
rates at a series of different sector speeds and determine the speed at which 
the rate begins to decrease. From this speed the length of the illumination 
period may be determined, and hence the average lifetime of the chains. 





MATERIALS AND METHODS 


The one molar chloral hydrate solutions were prepared using May and 
Baker’s reagent grade chloral hydrate and triple distilled water (for pre- 
paration of water see (3)). Fresh solutions were made up for each run. The 
procedure for cleaning glassware and titrating samples was the same as in 
the previous work (3). 

The irradiation source used was the 1100 curie Co® bomb at the University 
Hospital. 

The rotating sector was a solid steel cylinder, 6 in. in diameter and 1 ft. 
long, with two 60° sectors cut out on opposite sides. It was connected through 
a series of multiple pulleys to a variable speed motor (4). 

During irradiation the test tubes containing the samples were placed in a 
lucite block which was fastened to the sector apparatus. 

All dose determinations were made with a Victoreen Model 70 25-r. chamber. 

All samples were given a dose of about 1100 roentgens. The steady dose 
rate with the sector stationary was about 1260 roentgens per hour. A pair of 
samples was irradiated for 55 min. with the sector stationary, and immediately 
afterwards, another pair of samples was irradiated for 165 min. with the 
sector rotating. This was done for each different sector speed. The amounts 
of acid produced in the samples were then compared by titration. 


EXPERIMENTAL RESULTS 
The solutions received 2.5 % more irradiation, as measured with the 
Victoreen, with the sector stationary for one hour than with it rotating for 
three hours. Therefore the amount of acid produced in 55 min. with the sector 
stationary was multiplied by 0.975 and compared with the amount of acid 
produced in 165 min. with the sector rotating. The results are reported as : 
% difference = 


(acid formed with sector rotating) — (acid formed with sector stationary ) x 100 





(acid formed with sector stationary) 
(see Table I and Fig. 1). 
The total observed difference in the amount of acid produced between the 
slowest and fastest sector speeds is 32%. 
The temperature of the samples was held constant during each run, but 
did vary a few degrees from run to run. The average temperature was 25° C. 
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TABLE I 
VARIATION OF ACID PRODUCTION WITH SECTOR SPEED 








Sector speed Length of light period | © { Difference between acid produced with 
(r.p.m.) (sec. ) | sector stationary and with sector rotating 
| . siiaaeamibcataies a ae: . 
Ll 9.0 | ~ £F 
2.3 4.5 6.9 
6.7 1.5 — 2.9 
23 0.45 | +18.3 
360 0.028 +26.4 
820 0.012 +24.2 
1330 0.0075 | +26.6 
2000 0.005 +25.4 
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Fic. 1. Variation in percentage difference in acid produced with sector rotating and 
stationary for different sector speeds. All results referred to samples given the same dose 
continuously at the rate of 1260 r./hr. 


From Fig. | it is seen that the average chain lifetime under these conditions 
is approximately 0.1 sec. 

DISCUSSION 

Since the dark to light ratio for the sector is two, and the dose rate in each 
pulse is 1260 roentgens/hr., the irradiation at high sector speeds should 
correspond to continuous irradiation at 420 roentgens, hr. 

Twenty-six per cent more acid is produced at high sector speeds and six per 
cent less acid is produced at low sector speeds than when the solution is given 
the same dose continuously at the rate of 1260 roentgens/hr. Ordinarily one 
would expect no difference between the vields for low sector speeds and for 
continuous irradiation. One possible explanation for the negative difference 


observed is that there may be a small induction period at the beginning of 
the reaction. Since at slow sector speeds, say 1 r.p.m., the free radical concen- 
tration drops virtually to zero during each dark period, the induction period 
would occur at the beginning of each light period. Thus, for a 165 min. irradi- 
ation with a sector speed of 1 r.p.m. there would be 330 induction periods, 
but for continuous irradiation for 55 min. there would be only one induction 
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period. This induction period may be related to the one observed with solutions 
which were three or four days old (see reference (3)), in which case an inhibitor 
is probably generated in a dark reaction. The induction period would have a 
negligible effect upon the yield at high sector speeds, since under these circum- 
stances the free radical concentration remains approximately constant. There- 
fore, the actual observed difference in vield caused by the dose rate effect 
appears to be 26%. 

Using the inverse square-root variation of vield with dose rate shown in 
Fig. 2 (Fig. + of Reference (3)), and extrapolating the Co® line to a dose rate 
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Fic. 2. Variation of specific yield of acid with square root of the dose rate in kr./hr. for 
Co gamma-rays (OQ) and (X) and for betatron X rays (@). 





of 0.42 kr./hr., one finds that the expected percentage difference between 
the yields at 0.42 kr./hr. and 1.26 kr. /hr. is 51%. However, using the semilog 
plot (umoles acid /1./kr. vs. dose rate) shown in Fig. 3, the expected percentage 
difference between the yields for these two dose rates is 29%. Thus it appears 
that the semilog relationship holds at these low dose rates. It is seen from the 
graphs that the semilog relationship begins to fail at dose rates greater than 
about 9 kr./hr., and that the inverse square-root relationship is not adequate 
for dose rates below about 1 kr./hr. Between 1 and 9 kr./hr. both relationships 
hold reasonably well. This seems to indicate that more than one mechanism 
is Operative in the production of acid, and that the relative importance of the 
different mechanisms depend upon the dose rate. At low dose rates acid is 
produced mainly by a certain mechanism (or mechanisms) and at higher dose 
rates a different mechanism (or mechanisms) become(s) more important. 
An additional experiment was carried out to determine the specific acid 
yield at a dose rate below 1 kr./hr. to check the observation that the inverse 
square-root relationship falls off below 1 kr./hr. At the dose rate of 0.727 kr. /hr. 
the specific acid yield was 516 u moles/I./kr. This point fell on the semilog 
plot but not on the inverse square-root plot (see point X in Figs. 2 and 3). 


It should perhaps be mentioned that when the data in Fig. 1 are replotted as 
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Fic. 3. Variation of specific yield of acid with logarithm of the dose rate in kr./hr. for 
Co® gamma-rays (O) or (X) and for betatron X rays (@). 


in Reference 6, 207, the asymptote of the curve at high sector speeds is 
0.73 rather than pt theoretical 1.0. Experimental sector curves which exhibit 
asymptotes at high sector speeds which are lower than those predicted by 
simple theory have been observed in photochemical systems. They have been 
attributed to a second rate termination step, linear in the chain carrier (7). 

It thus appears that the reaction mechanism is quite complicated and does 
not correspond to any of the relatively simple cases proposed by Noyes and 
Leighton (6), so only a rough average lifetime may be determined for the free 
radical chains. Under the conditions of these experiments it is approximately 
0.1 sec. 

Since the betatron at this University has a dark to light ratio of about 1400 
and a light period of about four microseconds, the effect of the pulsed nature 
of the beam on the production of acid in chloral hydrate solutions is negligible. 
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NOTE 


THE ISOTOPE EFFECT IN THE SYNTHESIS OF 
3,3’- METH YLENE-C"''-bis (4-H YDROX YCOUMARIN) 


By C. C. LEE AnD J. W. T. Spinks 


A majority of the isotope effect studies recorded in the literature involve 
the breaking of the C?-C"™ bond. A wide range of values for the effect have 
been reported (9). By contrast, the synthesis of 3,3’-methylene-C''-bis(4- 
hydroxycoumarin) from 4-hydroxycoumarin and formaldehyde-C™ (7,8) 
affords a convenient reaction for an isotope-effect study involving formation 
of the C®-C' bond. Recently Downes (4) has developed a method for the 
determination of ‘e, the ratio of the specific rate constant of the labeled re- 
actant molecules to that of the unlabeled reactant molecules, by fractional 
isolation of the product. The equation derived was 


Say Sor = {C1 = ee" = (1 = Yy)‘] (Yy = Vz) 


where S,, is the specific activity of the product formed between any two 
stages, y, and y,; and Sq is the specific activity of the total product. When 
the interval between y, and y, is small but finite, a useful approximation is 


ey Sor nai e(1 = Tare 


where y» is the mean of y, and y,. A plot of log S,, vs. log (1 — ym) would 
then give a straight line with a slope equal to e — 1. Extrapolation of this line 
to y = 0 would give an intercept equal to ¢So, from which another value of « 
could be obtained. In this way, Downes (4) found e for the reaction of for- 
maldehyde-C" with dimedon to be 0.927 + 0.005. This method is used in the 
present study. 

A solution of 0.3136 gm. of formaldehyde-C™ (determined by the method 
of Yoe and Reid (11)) in 200 ml. of distilled water was heated under reflux 
to its boiling point (99.5° C. in our laboratory). Powdered 4-hydroxycoumarin 
(300-350 mgm.) was added. The mixture was refluxed for 20 min. and then 
cooled in an ice-bath. The product was collected in a sintered-glass funnel 
and dried to constant weight. The filtrate was quantitatively recovered and 
treated again with 300-350 mgm. of 4-hydroxycoumarin, the process being 
repeated until no more product could be obtained. After recrystallization 
from cyclohexanone, the activities of the various fractions of 3,3’-methylene- 
(C4-bis(4-hvdroxycoumarin) were measured in a windowless ‘‘Q-gas’’ counter. 
Duplicate experiments were carried out. The results are given in Table I. 
Since the samples were “‘infinitely thick’’, the observed activity could be 
taken as the specific activity, S,,. Each value of S,, recorded in Table I was 
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the average of six separate determinations, each of which was counted suffi- 
ciently long to give a total of at least 10000 counts. Little changes in S,, after 
repeated crystallization indicated that the samples were of good radiochemical 
purity. 


TABLE I 
ACTIVITY OF FRACTIONALLY ISOLATED 3,3’-METHYLENE-C!?- 
bis(4-HYDROXYCOUMARIN) 


Fraction Weight (gm.) Va Sy,(counts/min.) 

Expt.1 1 0.3197 0.0455 2981 
2 0.3265 0.1375 2982 
3 0.3355 0.2317 3019 
4 0.3282 0.3262 3076 
5 0.3333 0.4205 3124 
6 0.3318 0.5152 | 3126 
| | 0.3254 0.6087 3171 
& | 0.2802 0.6948 3198 
9 0.3298 0.7816 3315 
10 0.3270 0.8752 3413 
11 0.0790 | | 

Expt.2 1 0.2722 0.0388 2978 
2 0.2850 0.1181 3002 
3 0.3303 0.2051 2986 
4 0.3323 0.3000 3026 
5 0.3298 0.3943 3051 
6 0.3272 0.4878 3119 
4 0.3308 | 0.5814 3132 
8 0.3347 0.6782 3197 
3) 0.3300 0.7708 3251 
10 0.3330 0.8652 | 3407 
11 0.0915 - - 


A plot of log S,, vs. log (1 — ym) gave a straight line with a slope, determined 
by the method of the least squares, equal to —0.068 + 0.003 = e« — 1. Hence 
e = 0.932 + 0.003. The intercept at y = 0 corresponded to a Sz, value of 
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Fic. 1. Graphic determination of e. 
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2968 + + counts/min. The total product from reacting 31.4 mgm. of formalde- 
hyde-C' with 400 mgm. of 4-hydroxycoumarin gave an over-all specific 
activity, So, of 3195 + 23 counts/min. Thus from the intercept, « = (2968 
+ 4)/(3195 + 23) = 0.929 + 0.007. 

Recently, Stevens and co-workers (10) discussed the application of isotope 
effect observations as evidence in the elucidation of mechanisms of reaction. 
When the rate-determining step in a reaction involved the rupture or forma- 
tion of the C-C"™ bond, an isotope effect should be expected. The mechanism 
for the synthesis of 3,3’-methylene-bis(4-hydroxycoumarin) has been postu- 
lated by Ikawa and Link (6) to involve: (a) an aldol condensation between 
formaldehyde and 4-hydroxycoumarin, (b) dehydration of the aldol to an 
a,6-unsaturated ketone, and (c) a Michael condensation between the a,f- 
unsaturated ketone with a second mole of 4-hydroxycoumarin to give the 
final product. Although it would be difficult to decide whether any one of the 
three processes are rate-controlling or whether they proceed at comparable 
rates, it is of interest to note that with appropriate assumptions, one can give 
theoretical grounds for supposing that the dehydration step may be rate- 
determining. 

In 1949, Bigeleisen (1) developed an equation for the theoretical calculation 
of isotope effects which has given results in remarkable agreement with experi- 
ment. 


j * 
k 2 m : 3n—6 3n’—6 
“i = (=) E + >: G(u;) Au; = 24 G(u;t) aud | 
14 12 


where the m*’s are the effective masses of the activated complex along the 
reaction co-ordinate and are calculated as the reduced mass across the bond 
being broken or formed, Au, = hc/RT(o;; — w2;), where the w’s are the 
vibrational frequencies in cm.~', G(u;) is a function defined previously by 
Bigeleisen and Mayer (3), and { refers to the activated complex. If the assump- 
tion is made that in going from the initial state to the activated complex, the 
vibrational frequency of only the bond actually being formed or broken is 
appreciably changed, one may say that in bond formation, 


3n’—6 


3n—6 
, G(ut) Aut > >: G(u;) Au; 


and the opposite is true in bond rupture because in the initial state, the atoms 
of the bond being formed are completely separated whereas in bond rupture, 
these atoms are joined by a covalent bond. It follows that the square bracket 
term in the Bigeleisen equation must be less than unity for bond formation, 
and accordingly, the ratio k}2/kis would be less than the reduced mass term, 
(my4/my»)?, which for C2 and C¥ is 1.04. Since the isotope effect observed for 
the synthesis of 3,3’-methylene-C'-bis(4-hydroxycoumarin) is about 7°%, 
quite different from kj2/kis, equalling 1.04,one may assume that the rate- 
determining step is not one of bond formation. 
The following interpretation can then be shown to fit the observed facts. 
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The ratio j2/ R14 for the rupture of C?-O'® and C'4-O'* bonds would be approxi- 
mately 1.10 according to Eyring and Cagle (5). For the aldol type of reaction 
of the carbonyl group, Bigeleisen (2) has shown that Ky2./Ky,4 is of the order 
of 1/1.03 to 1/1.05. The over-all effect, Rizops/Risops, Will therefore be 1.05 to 
1.07 which is in reasonable agreement with the experimental value. 

The 7% isotope effect thus indicates that the rate-determining step is not 
one of bond formation and suggests a prior equilibrium between formaldehyde 
and the aldol followed by a slow dehydration. One must emphasize, however, 
that such qualitative conclusions are based on much simplified calculations. 
The Ikawa-Link mechanism is really too complicated to be confirmed or 
denied by isotope effect data alone. 
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